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The overall goal of this study was to investigate the role of fluorescent pseudomonad 
bacteria in the resistance of paper birch to infection by the root rot fungus Armillaria 
ostoyae in the southern interior of British Columbia. The objectives of this study were to 
compare the population sizes of pseudomonads in the rhizosphere of pure birch, pure 
Douglas-fir and mixed stands of the two species and investigate the incidence and 
strength of antagonism exhibited by fluorescent pseudomonad bacteria isolated from 
these different stand types toward Armillaria ostoyae in dual culture in vitro experiments. 
The pseudomonad populations were determined by growing paper birch and 
Douglas-fir seedlings in soils collected from young and mature birch, Douglas-fir and 
mixed stands and isolating the pseudomonads from the roots of these seedlings. The birch 
stands supported an average of 4 times more pseudomonads than the Douglas-fir stands 
and the mixed stands had intermediate populations. The young stands had twice as many 
rhizosphere pseudomonads as the mature stands. There was no difference in the 
populations of pseudomonads isolated from the paper birch and Douglas-fir seedlings 
grown in the same soil types on a per seedling basis. Th<?re was a significant positive 
correlation between pseudomonad populations and percent cover of birch and density of 
birch in the stands (stems per hectare). Populations of pseudomonads were strongly 
negatively correlated with basal area of Douglas-fir, percent cover of Douglas-fir and 
carbon:nitrogen ratio of the soil. 
Of the 270 pseudomonad isolates paired with Armillaria ostoyae in vitro, 53% 
inhibited the linear growth of the Armillaria fungus and 94% caused a reduction in the 
mass of the fungus compared to the unchallenged control Armillaria isolates. Overall, 
the pseudomonad bacteria isolated from the pure birch stands were significantly more 
antagonistic toward Armillaria than those isolated from the Douglas-fir stands. In the 20 
pseudomonad isolates tested, the mechanism of antagonism exhibited by these bacteria 
appeared to be the production of antifungal substances such as antibiotics. 
IV 
This study provides evidence that paper birch provides a more favorable 
environment for fluorescent pseudomonad bacteria in the rhizosphere and indicates a 
possible mechanism by which paper birch can positively influence the health of managed 
forest stands. 
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Chapter 1. Introduction 
Armillaria ostoyae (Romagnesi) Herink causes a fungal root disease of conifer 
species in western North America (Morrison et al., 1991; Wargo and Shaw, 1985). In 
undisturbed ecosystems, Armillaria root disease contributes to nutrient cycling and 
succession in forests by creating small pockets of dead and symptomatic trees. Host 
resistance and genetic diversity of natural stands usually confines these root rot centers to 
small patches or scattered individuals across the landscape. 
On managed forest land, cutting of trees during harvest and stand thinning operations 
eliminates host resistance, allowing the fungus in quiescent infection centers to rapidly 
colonize the remaining stumps and root systems (Morrison, 1981 ). The fungus then 
spreads outward from these inoculum sources to infect adjacent conifers through root 
contacts or by spread of rhizomorphs through the soil. In recent decades, Armillaria 
inoculum loads on harvested sites have increased with aggressive thinning and removal 
of commercially undesirable broadleaf species from plantations (Byler et al., 1990; 
Morrison et al., 1991 ). In the Interior Cedar-Hemlock (ICH) forests of southern British 
Columbia, mortality in conifer plantations due to A. ostoyae is commonly 1-2% per year 
(Morrison and Pellow, 1994) with as much as 1'0% of all trees in a stand infected with the 
fungus (Morrison, 1991). 
Armillaria is a difficult disease to manage due to survival of inoculum in stumps and 
other woody substrates in the soil for several decades (Roth et al., 1980). Once 
Armillaria has colonized a stump, the fungus can remain viable and even produce 
rhizomorphs after 30 years (Redfern and Filip, 1991). Therefore, efforts to reduce 
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Armillaria root disease have largely been focussed on reducing inoculum loads on 
infected sites. This can be achieved by either killing the fungus with chemicals (Hagle 
and Shaw, 1991), replacing Armillaria with other nonpathogenic fungi in colonized wood 
(Shaw et al., 1980), or removing the inoculum sources from the soil with pushover 
logging or stump removal (Morrison et al., 1991). After several decades of research, 
chemicals applied as stump protectants or fumigants have proved to be either ineffective 
or are regarded as too toxic for widespread application in a forest setting (Shaw et al., 
1980; Shaw and Roth, 1978). Introducing non-pathogenic fungi to stumps to prevent the 
spread of Armillaria in already colonized wood has not been successful due to the fact 
that it has been difficult to establish and maintain effective populations of the other fungi 
(Shaw and Roth, 1978). 
To date, stump removal after logging has been the most effective means of reducing 
losses to Armillaria ostoyae in the southern interior of British Columbia (Morrison et al., 
1988). However, pushover logging, where the entire tree is pushed over to expose the 
rootball, and conventional extraction of stumps with heavy machinery, can cause very 
high levels of soil disturbance leading to poor seedling performance in plantations 
established on these sites (Smith and Wass, 1991; Smith and Wass, 1994). In a study of 
site disturbance following stump removal in the southern interior of B.C., Davis and 
Wells (1994) found significant soil disturbance in 10 to 50% of the total area which could 
potentially be reforested on all 11 sites studied. Site disturbance at this level would 
exceed the maximum allowable disturbance laid out by the Forest Practices Code of 
British Columbia Regulations (Anonymous, 1995b). 
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The difficulties associated with these conventional root disease management 
practices have lead to a search for alternative methods that are more compatible with 
natural ecosystems. Recently, researchers found reduced incidence of Armillaria root rot 
in mixed plantations of conifers and broadleaf species compared to pure conifer 
plantations (Gerlach et al. , 1997). This study confirms earlier observations by Morrison 
et al. ( 1988) that conifer mortality due to A. ostoyae was reduced in conifer plots 
interplanted with rows of paper birch (Betula papyrifera Marsh.). In the southern interior 
of British Columbia, paper birch is resistant to infection by Armillaria ostoyae, 
particularly juvenile trees up to 15 years of age (Morrison et al., 1991). These 
observations concur with the theory that increased biodiversity can mitigate losses to 
disease in forest ecosystems (Pimm, 1984). In support of this theory, recent studies by 
Simard et al. (1997a,b, c) have established that paper birch can enhance the growth and 
vigor of adjacent Douglas-fir (Pseudotsuga menziesii Mirb. Franco) seedlings through 
direct carbon transfer via ectomycorrhizal linkages. In fact, using poor-host species like 
birch to reduce losses to Armillaria has been suggested (Morrison et al, 1991) and is 
recommended in the Root Disease Management Guidelines (Anonymous, 1995c) 
established by the Forest Practices Code of British Columbia (Anonymous, 1995a). 
However, forest managers in B.C. are reluctant to use broadleaf species like birch 
because of legal obligations under the Code to establish conifer plantations free of 
competing species (Section 70, Forest Practices Code Act). Yet mixed species 
management may provide the best alternative strategy for reducing losses to Armillaria 
root disease that would meet the objectives of disease management and sustainable forest 
practices. 
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To date, there is little information as to the mechanisms by which species like birch 
resist infection by Armillaria or the means by which broadleaf species in general can 
inhibit the spread of the disease in mixed plantations. It has been suggested that 
interplanted birch may prevent spread of Armillaria between susceptible conifers simply 
by impeding root contact between conifers by the physical presence of resistant roots 
interspersed with susceptible root systems (Morrison et al., 1988). Work on red alder 
(Alnus rubra), a closely related species to paper birch, suggests that bark chemistry and 
the production of phenolics and oxidase compounds by alder roots may play a role in the 
observed resistance of alder to root disease (Li et al., 1969; Li eta!., 1972; Trappe et al., 
1973). There is also evidence that microorganisms inhabiting the rhizosphere of plants 
may be able to antagonize fungal pathogens at the root/soil interface and prevent or 
reduce incidence of disease caused by these root infecting fungi (Kloepper, 1992). Large 
populations of antagonistic microbes on the roots of trees like paper birch may play a role 
in limiting infection of these species by Armillaria. 
A group of rhizosphere bacteria known as fluorescent pseudomonads have proven to 
be very effective antagonists of a diverse range of fungal root pathogens (Weller and 
Cook, 1983; Stutz et al., 1986; Loper, 1988; Parke et al., 1991). Two decades of intensive 
study of these bacteria in an agricultural context has resulted in an abundance of 
information regarding the ecology and biology of these ubiquitous rhizosphere bacteria. 
These studies have established that: 
1) Fluorescent species of the Pseudomonas genus colonize the rhizosphere and root 
surfaces of both non-woody and woody plants in high numbers (Geels and 
Schippers, 1983;VIassak et al., 1992; Liu et al., 1995). 
2) Pseudomonads are implicated in soils suppressive to important agricultural 
diseases like take-all (Raaijmakers et al., 1997). 
3) Identified biocontrol pseudomonad strains can be applied to agricultural crops to 
reduce incidence of root diseases of agricultural crops (Weller and Cook, 1983). 
4) Numbers and composition of pseudomonad populations established in the 
rhizosphere varies between plant species (Lemanceau et al., 1995). 
5 
In addition, several mechanisms of antagonism by pseudomonads against fungal 
pathogens have been established. The mechanisms include iron competition via the 
production of extracellular siderophores which bind free iron in the soil matrix making it 
unavailable for the pathogen (Kloepper et al., 1980a,b; Wong and Baker, 1984). A range 
of antibiotics are also produced by these bacteria, which have been proven to inhibit the 
growth of fungal pathogens in vivo (Xu and Gross, 1986; Thomashow and Weller, 1988; 
Hill et al., 1994 ). The genes responsible for the production of several antibiotics have 
been identified and molecular techniques have allowed for the production of specific 
mutants which are used to study the role of antibiotic production in pseudomonad 
function in the rhizosphere (Hamdan et al., 1991; Kraus and Loper, 1995; Pierson et al., 
1995). Pseudomonads have been found to inhibit the growth of pathogens by direct 
competition for nutrients in the rhizosphere (Elad and Chet, 1987). In addition, these 
bacteria can antagonize pathogens by inducing systemic resistance in their 'host' plant 
(Liu et al, 1995; Leeman et al., 1996). Related to this is the observed promotion of plant 
growth by rhizosphere pseudomonads through production of plant growth hormones and 
other related compounds (Burr et al., 1978; Kloepper et al., 1980a; De Freitas and 
Germida, 1992). High populations of plant growth promoting rhizobacteria (PGPR) likely 
outcompete other deleterious microbes in the rhizosphere for available carbon exuded 
from plant roots. 
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All of this information has led researchers to explore the ecology and function of 
these bacteria in a forestry context. PGPR pseudomonad strains have been isolated from 
coastal and interior forest soils in B.C. and inoculated onto Douglas-fir (Chanway and 
Holl, 1994) and hybrid spruce (Picea glauca x engelmannii Parry ex Engelm.) seedlings 
(O'Neill et al., 1992) to enhance seedling growth. Dumas (1992) isolated several hundred 
fluorescent pseudomonad strains from forest soil that could inhibit the growth of A. 
ostoyae and inhibit rhizomorph production by A. gallica in vitro. Recently, Axelrood and 
coworkers (1996) have isolated pseudomonads from Douglas-fir seedlings that are 
antagonistic toward Fusarium, Pythium, and Cylindrocarpon spp. in vitro. 
The current study examines the potential linkage between birch resistance to 
Armillaria and abundance of antagonistic pseudomonad bacteria in the rhizosphere of 
birch relative to other tree species. The intent was to explore the ecological role of paper 
birch and mixed stands in reducing losses to Armillaria root disease in forest ecosystems 
rather than to identify a biocontrol organism for Armillaria ostoyae. In this study 
fluorescent pseudomonad bacteria were first isolated from forest soils in a field and 
greenhouse study and then further characterized in a laboratory dual culture study with 
Armillaria ostoyae. In this study, the term population was used to denote abundance of 
fluorescent pseudomonad bacteria isolated from different forest stand types. 
This thesis represents another step towards determining the biological basis for using 
mixtures of Douglas-fir and paper birch for control of Armillaria root disease and is 
comprised of two separate studies. Chapter 2 describes a field and greenhouse study that 
compared the population sizes of bacteria between different forest stands. Pseudomonad 
populations were compared between pure paper birch (resistant to A. ostoyae), pure 
Douglas-fir (highly susceptible to A. ostoyae) and mixed stands of the two species in 
juvenile and mature stands. Pseudomonad populations were compared between stand 
ages because juvenile paper birch (less than 15 years old) is more resistant to Armillaria 
than mature birch (Morrison et al., 1991). Preliminary studies by Simard and Li 
(unpublished) have established high populations of pseudomonads in mixed birch 
Douglas-fir stands compared to very low populations in a pure Douglas-fir stand. In this 
study, seedlings were grown in soil collected from the forest stands in a greenhouse 
bioassay to bait the pseudomonads that could specifically colonize Douglas-fir and paper 
birch seedlings. These bioassay seedlings were harvested after 4 months and the bacteria 
were isolated from their roots and counted on appropriate media. 
Chapter 3 describes a laboratory experiment designed to explore the antagonism of 
selected pseudomonad isolates against A. ostoyae in a controlled environment. This 
experiment represents the first step in determining the incidence of antagonism toward A. 
ostoyae that exists in natural pseudomonad populations. While in vitro experiments 
seldom correlate to the ecology of organisms in vivo (Broadbent et al., 1971), it is a 
generally accepted practice to establish the existence of in vitro antagonism before 
pursuing antagonism experiments in the field with pseudomonads. It was also of interest 
in this study to determine if there was any difference in the strength of antagonism 
exhibited by pseudomonads isolated from birch stands than those isolated from mixed 
and Douglas-fir stands. Chapter 4 summarizes the thesis findings and suggests future 
research into pseudomonad-Armillaria interactions. 
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Chapter 2. A comparison of fluorescent pseudomonad populations in pure paper 




Armillaria ostoyae (Romagn.) Herink is a pathogenic fungus that causes significant 
mortality of conifers in the wetbelt cedar hemlock forests of southern interior British 
Columbia (Morrison, 1981 ). Current management strategies for this root disease involve 
stump removal after harvesting to reduce fungal inoculum loads and planting less 
susceptible conifers in heavily infected areas (Morrison, 1981). However, these strategies 
have associated concerns because of the high site disturbance inherent in stump removal 
(Davis and Wells, 1994) and the problems with planting species that are more resistant to 
Armillaria but less commercially valuable. Recent research suggests that Armillaria 
infection rates are significantly reduced when each conifer is surrounded by a high 
proportion of resistant broadleaf species (Gerlach et al., 1997). A long-term root rot study 
initiated in the southern interior of British Columbia showed significantly reduced conifer 
mortality where conifers were established with alternate rows of paper birch (Betula 
papyrifera Marsh.) (Morrison et al., 1988). 
Paper birch is of particular interest in the management of root rot areas because 
of its high resistance to Armillaria spp. (Morrison et al., 1991) and its potential to 
improve site productivity (Van Cleve et al., 1986; Hendrickson et al., 1987; Sachs, 1995; 
Wang et al., 1996). To date, I ittle is known of the mechanism(s) by which paper birch can 
resist infection by Armillaria ostoyae or potentially increase the resistance of neighboring 
14 
conifers to the disease. This species may improve the vigor of adjacent conifer species 
like Douglas-fir (Pseudotsuga menziesii Mirb. Franco) by net transfer of carbon via 
ectomycorrhizal linkages (Simard et al., 1997). The resulting nutrient reserves in 
Douglas-fir could improve the resistance of this species to root disease (Wargo and 
Harrington, 1991 ). Another hypothesis is that high concentrations of phenols and other 
inhibitory substances in birch bark may play a role in this species' ability to limit 
Armillaria infection. This theory stems from studies in which phenolic compounds from 
the bark of red alder, a species closely related to paper birch, were found to inhibit the 
growth of Phellinus weirii (Li et al., 1972, Li et al., 1969; Trappe et al., 1973). Other 
studies indicate that paper birch supports higher populations of bacteria in the rhizosphere 
than other tree species because of high carbon throughput to the rhizosphere (Bauhus et 
al., 1998; Bradley and Fyles, 1995). This has lead to the hypothesis that these rhizosphere 
bacteria, which have been found to reduce the incidence of soil borne diseases in 
agricultural crops (Kloepper, 1992), may be a factor in the reduced incidence of 
Armillaria root disease in paper birch. 
The most commonly isolated antagonistic bacteria belong to the Pseudomonas genus 
which are ubiquitous inhabitants of the rhizosphere in most higher plants including trees. 
These bacteria live on the root exudates of their plant associates and often confer disease 
resistance or promote growth in their 'host' plant (de Freitas and Germida, 1992). 
Pseudomonas fluorescens and other rhizosphere pseudomonads have been found to 
inhibit a diverse range of plant pathogens including Gaeumannomyces graminis var. 
tritici on wheat (Weller, 1983), Erwinia carotovora on potato (Xu and Gross, 1986), 
Sclerotium rolfsii on peanut (Ganesan and Gnanamanickam, 1987) and Thielaviopsis 
basicola on tobacco (Stutz et al., 1986). Some of the highly antagonistic strains are being 
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studied for their potential use as biocontrol agents for various agricultural crops (Capper 
and Higgins, 1993). 
Fluorescent pseudomonads that are antagonistic to Armillaria spp. in vitro have been 
isolated in high numbers from the rhizosphere of trees in boreal mixed wood stands in Ontario 
(Dumas, 1992). Other studies have focussed on the significantly increased shoot and root 
growth exhibited by spruce, pine and Douglas-fir seedlings after inoculation with plant 
growth promoting (PGPR) strains of Pseudomonas spp. (Chanway and Holl, 1994; Shishido 
et al., 1996; Axelrood at al., 1996). Fluorescent pseudomonads also facilitate colonization of 
conifer and eucalyptus seedlings by ectomycorrhizal fungi (Shishido et al., 1996; Dunstan et 
al., 1998). 
In a preliminary study, Simard and Li (unpublished) found high populations of 
fluorescent pseudomonads (3.3 x 104 g- 1 dwt root) in soils under a mixed birch Douglas-fir 
stand in southern B.C. compared to very low populations isolated from a pure Douglas-fir 
stand in Oregon (1.0 x 1 02g-1 dwt root, Li unpublished data). The objective of the present 
study was to compare the populations of fluorescent pseudomonads in soils from young and 
mature pure birch, mixed birch Douglas-fir, and pure Douglas-fir stands from the same region 
in southern B.C. This study comprises the first step toward determining what role 
pseudomonad bacteria might play in the resistance of paper birch to Armillaria ostoyae and in 




The study area is located in the north Adams and North Thompson watersheds of the 
Kamloops Forest Region, approximately 60 km northeast of Kamloops in the southern 
interior of British Columbia (Figure 1). The stands sampled in the study occur in the 
wetbelt forests of the Moist Warm variant of the Interior Cedar Hemlock (ICH) 
biogeoclimatic zone (Lloyd et al., 1990). The area is characterized by warm, wet 
summers and mild winters with high accumulations of snow. Average daily air 
temperature is l9°C in July and -6°C in January (Environment Canada, 1980). 
The study area was dominated by Douglas-fir and paper birch alone or in mixture. 
Most stands also had small components of western redcedar (Thuja plicata Donn ex D. 
Don), western hemlock (Tsuga heterophylla Raf. Sarg. ), lodgepole pine (Pinus contorta 
var. latifolia Doug!. Ex Loud.), and western white pine (Pinus monticola Dougl. Ex D. 
Don). The study area has a very high incidence of Armillaria ostoyae in both plantations 
and mature stands. This fungal pathogen causes significant mortality of native and 
planted seedlings in this region and creates large openings in mature stands (Morrison, 
1981 ). 
Study design 
The populations of fluorescent pseudomonad bacteria in different forest stand types 
were determined using greenhouse bioassays. These bioassays consisted of growing 










Figure l.Location of 18 forest stands sampled for pseudomonad population study. 
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greenhouse environment. The seedlings were harvested after four to six months and the 
bacteria were isolated from the rhizosphere of the planted seedlings. This method selects 
for pseudomonad strains that can colonize the roots of Douglas-fir and paper birch in the 
soil. 
The populations of fluorescent pseudomonad bacteria were compared between three 
different stand compositions (designated by the predominant species in the stand: birch, 
Douglas-fir and birch/Douglas-fir mixed stands), two stand ages (young: 9-17 years and 
mature: 70-100 years) and two bait seedling species (Douglas-fir and paper birch). Three 
stands were sampled for each of the six stand categories for a total of 18 stands in the 
study. 
Ten seedlings of Douglas-fir and paper birch were grown in soil from all 18 stands. 
Thus the bioassay experiment consisted of a 3x2x2 factorial set of treatments in a 
randomized block design with three stand types, two stand ages and two seedling bait 
species. Three stands of each stand type I age combination were sampled giving 36 
experimental units . There were five seedlings of each species grown in autoclaved soils 
as controls yielding a total of 540 subsamples. 
Stand and soil characteristics 
Vegetation composition and stand structure were assessed in each of the stands. 
Three 1.78m or 5.64m radius assessment plots were laid out in every stand 20m apart on 
a compass bearing. Small diameter plots were used in young stands with high density of 
birch and the larger plots were used in all other stands. Within each plot, diameter at 
breast height (dbh) by tree species, and percent cover by species for all vegetation layers 
was recorded. The biogeoclimatic site series was determined for each stand using 
vegetation data, soil moisture and nutrient regime, slope, aspect and elevation according 
to the British Columbia biogeoclimatic ecosystem classification system (Pojar et al., 
1987). A 50cm soil pit was dug in each stand and the soil was classified to great group 
according to the Canadian system of soil classification (Agriculture Canada, 1987). Soil 
texture, coarse fragment content and rooting depth were also recorded. 
Soil sampling 
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In the fall of 1996 soil/root samples were collected in each of the 18 stands from a 
20x25m plot at least 20m from the stand edge. Within each plot, soil was systematically 
sampled every 5m on a grid for a total of 30 subsamples per plot. After removing loose 
litter a 5cm2 sample consisting of organic horizons, mineral soil and associated roots was 
extracted to a depth of 15cm using a narrow trowel that was surface sanitized with a 10% 
bleach solution. The subsamples were composited, placed in coolers and transported back 
to the greenhouse at Redrock Research Station, Prince George, British Columbia. 
Within 36 hours, the soil from each stand was homogenized and perlite was added to 
each in a ratio of 1 :3 perlite: soil to increase aeration without affecting other soil 
properties. The soil was then thoroughly mixed again using a surface sanitized trowel and 
all rocks and root material greater than 0.5cm diameter were removed. Each soil type was 
distributed to 20 4x21 em Leach tubes (Ray Leach Conetainer Co., Canby, OR) and 
placed in racks in a randomized block pattern. 
To monitor the incidence of bacterial greenhouse contaminants over the course of the 
bioassay, approximately one third of the soil from each stand was sterilized. Soil was 
moistened with tap water, covered and autoclaved at 121 °C for 15 minutes. After 24 
hours, the soil was reautoclaved for another 15 minutes at 121 °C. For each soil type, 10 
replicate control Leach tubes were filled with sterilized soil and 5 seedlings of each 
species were grown using the same methods as in the untreated soil. 
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The entire bioassay experiment, including the soil sampling, was repeated in the 
spring of 1997 due to malfunction of the greenhouse heating system and loss of the birch 
seedlings in January, 1997. 
Greenhouse bioassays 
Paper birch and Douglas-fir seed from local seedlots was scarified using hydrogen 
peroxide according to the methods of Simard (1995). Douglas-fir seeds were placed in a 
beaker containing 30% H20 2 for 2 minutes and then transferred to 3% H20 2 for 5 hours 
with continual stirring. The seed was then rinsed with deionized water and air dried for 
24 hours prior to planting. The paper birch seed was scarified with aerated 10% H20 2 for 
15 minutes and then rinsed and dried in the same manner as the Douglas-fir seed. 
Three Douglas-fir seeds or seven paper birch seeds were distributed to each of 20 
Leach tubes (10 tubes per species) for each soil type and a layer of sterilized grit was 
placed on top of the seeds to protect them from drying and damping off. After 
germination, the seedlings were exposed to a 23-hour photoperiod using sodium vapor 
lamps with an average daytime temperature of 20°C and night temperature of 10°C. After 
3 weeks the seedlings were thinned to one tree per tube. The tubes were rerandomized on 
the bench every two weeks to eliminate any differences in environmental conditions 
experienced by the seedlings. The seedlings were watered every second day and fertilized 
once every month with 20-8-20 N-P-K liquid fertilizer diluted to give 40-60 ppm of 
nitrogen per application. 
Isolation of Pseudomonas spp. 
After 4 months ( 1997 batch of soil), seedling harvest was initiated and 
pseudomonads were isolated from the root systems. The seedlings were processed in 
blocks over a 10 week period so that two seedlings from all treatments were harvested 
each day. Batches of Douglas-fir and paper birch seedlings were alternately harvested. 
Each seedling was gently removed intact from the Leach tube and the loosely adhering 
soil was shaken from the root system. Care was taken not to contact the roots and large 
soil particles were removed with sterile forceps. 
The entire root system of each seedling was cut into short lengths of less than two 
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em and placed in a test tube containing 9ml of sterile O.OlM sodium phosphate buffer, pH 
7 .2. The test tubes were then placed on a rotary shaker at 200rpm for 20 minutes in 
batches of six (one per stand type) to suspend the rhizosphere bacteria in the buffer. The 
resulting solution was serially diluted by transferring 1 ml into a 9ml phosphate buffer 
blank. After every dilution each test tube was vortexed gently for 10 seconds. 
Bacterial count plates were prepared by taking 0.1 ml of the 1 o-2 and 1 o-3 dilutions 
and spreading them on King's B+ (KB+) medium (King et al., 1954) amended with 
75~g/ml cycloheximide, 50~g/ml ampicillin (sodium salt) and 12.5~g/ml 
chloramphenicol. These antibiotics eliminate all fungi and gram positive bacteria from 
the plates and create a selective media for fluorescent pseudomonad bacteria (Geels and 
Schipper, 1983). Duplicate plates were prepared for each dilution for each seedling. The 
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plates were incubated in a dark cabinet at room temperature (approximately 21 °C) for 48 
hours and then the number of colony forming units (cfu) was counted on each plate. The 
plates containing between 30 and 300 colonies (Zuberer, 1994) were placed on a UV 
light table (900 nm wavelength) and the number of fluorescent pseudomonad colonies · 
was recorded. 
The roots of each seedling were removed from the test tubes, dried at 70°C for 72 
hours and then weighed. The dry weights were then used in the calculation of 
pseudomonad populations on a per gram dry root basis. The populations were also 
expressed on a per root system basis since the entire root system of each seedling was 
harvested. 
Purification and storage of bacterial isolates 
Two fluorescent bacterial colonies isolated from each seedling were chosen 
randomly from one of the dilution spread plates for use in dual culture antagonism 
experiments (Chapter 3). The isolates were chosen using a numbered grid overlaid on the 
petri dish. Random numbers were used to select isolates corresponding to a specific 
location on the plate. Each isolate was streaked onto a fresh KB+ plate and grown for 48 
hours. Each bacterial culture was then transferred to 2ml cryovials containing 20% 
glycerol and stored at -40°C and duplicate cultures were stored at -80°C. 
The identity of the purified isolates was confirmed using the BIOLOG system 
(BIOLOG, Hayward, CA). Forty of the purified frozen isolates were randomly chosen 
from the collection of 700, inoculated onto KB (no antibiotics) directly from the freezer, 
incubated for 24 hours and subsequently inoculated into BIOLOG microplates. Gram 
staining of a random sample of isolates confirmed that all cfu on the dilution spread 
plates were gram negative. 
Soil and foliage analysis 
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The pH of each composite soil sample was determined using 0.01 M CaCb 
(Hendershot et al., 1993). Five samples including mineral and organic material were 
taken from the composite sample, air dried and then sieved to 4mm prior to pH analysis. 
Total percent nitrogen and carbon of the soil was determined using a Fisons NA 1500 
elemental analyzer. 
The micro and macronutrients of the soil and seedling foliage were determined using 
Inductively Coupled Plasma (ICP) Emission analysis. The soil samples were air-dried, 
ground to a powder using a mortar and pestle, digested with nitric acid and hydrogen 
peroxide and then concentrations of Ca, K, Mg, Mn, Fe, Cu were determined using a 
Leeman PS 1000 ICP spectrophotometer. All of the leaves of each seedling were oven-
dried for 72 hours at 70°C. The foliage was then ground to a fine powder using a mortar 
and pestle and then prepared and analyzed with the same procedure used for the soil. 
Data analysis 
All bacterial counts were log transformed prior to analysis due to the exponential 
nature of bacterial growth and resulting non-normal distributions of bacterial counts 
(Loper et al., 1984). Differences in pseudomonad populations across stand, age and 
seedling types were analyzed using a 3x2x2 factorial analysis of variance (ANOV A) in 
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Statistica (Statsoft, 1995 ). The bacterial counts of the 10 subsamples for each seedling 
and soil type were averaged and the ANOV A was run on the resulting mean values 
(N=36). The pseudomonad counts were averaged because the main objective of the study 
was to investigate the main effect of stand type and age on pseudomonad populations 
rather than the variability in pseudomonads within one sampled soil. A separate ANOV A 
was run to compare the populations in the sterilized control soil compared to the raw soil. 
Multivariate cluster analysis of stand and soil characteristics was used to determine if 
the 3 stands of each type were similar and to identify possible stand attributes which may 
have a strong influence on pseudomonad populations. The cluster analysis was done 
using Ward's method and squared Euclidean distances (Hair et al., 1984). Clusters of 
similar stands based on detailed stand and soil characteristics were then subjected to a 
one way ANOV A with pseudomonad populations as the dependant variable. 
The strength of association between stand structure, soil characteristics and 
pseudomonad populations was further quantified using Spearman correlation. Spearman 
correlation is a nonparametric test of the relationship between two variables that does not 
assume linearity between variables unlike the Pearson r (Toothaker and Miller, 1996). 
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Results 
Identification of bacterial species 
Of the bacterial colonies recovered from bioassay seedlings, 648 were selected 
randomly, purified and subsequently stored in glycerol. Random selection of two isolates 
per plate yielded 536 (83 %) fluorescent isolates and 112 (17%) non-fluorescent isolates 
(taken only if there were no fluorescent strains available). The 40 isolates tested using the 
BIOLOG system were all identified as Pseudomonas species. Of the 33 isolates 
previously identified as fluorescent pseudomonad strains by visual inspection under the 
UV light, only 10 were classified as fluorescent species by the Biolog system. All of the 
isolates that did not produce fluorescent pigments on KB media were identified as non-
fluorescent Pseudomonas corrugata by the BIOLOG database. 
Pseudomonad populations 
There was no apparent relationship between the mass of the seedling root systems 
and the number of colony forming units (cfu) in the rhizosphere of each seedling in this 
study (Figure 2). This observation is consistent with earlier work on pseudomonads in the 
rhizosphere of barley (Loper et al., 1984 ). Therefore the results were analyzed two 
different ways: expressed per gram of root tissue and or as gross populations of 
pseudomonads on the entire root system of each seedling. 
The ANOV As for pseudomonads per gram of root and per entire seedling root 






















. . . . . . . . ' ·······'········· ~--·······'········ c ~ o :c : . . . . . . . 
f t [] : c t 
[J 
[] : : : 
r:::~ - ... ,. , .. ~-'" ............... 7 .. - ............ ,.,~ ................... 7-................ .... 
~~- ! : : : : a'-rt [J : , : -.: . . 
****~--:***•• 4l·~:--· Cl **~~******"' .. ~* ......... *~~ ...... * ......... ~~ ....... ~~~ .. ~ .. ~~ ........ * ... ~****~ .... 
: : [J [J . 
' ' 3 t ~ ) ) I t i 
"""'**-""""~***""""***~~~*~*~~~~~ .. ~ ............... ~ .... ~~ ........ ~ .................... ~ .. ~ ............ r- ................. -r-"'*"'*-
~ t * t ' • ) ) 
) f t t I ~ ~ ) 
~ * t l I ~ 
) t * * 
) $ I I 
I s t j t I t t 
-••••• ·1· .. -- •• -- r- --- • ·- -1-- • ••••• -:------ ···-!·-····-+ ··--· ---r -···-----:-- ••••• • 
~ * 3 t t t ' • 
I t ~ ) * t t I ( ) * t $ ' 
( I J t I 
t t $ • ) 
• •• ••• -~- ••• .& - • • ·D··· .CI:) .. --·· ·· ~- · ··--· --i- {J]··· --~ --- · ·· ··· } .. ··· ··· J.. · ··· · 
t * ~ ~ ) * t * $ t • • 
~ ~ t t t 
l $ * $ : : : 
-0.2 0.0 0 .2 0.4 0 .6 0.8 1. 0 1 .2 1.4 1.6 






Figure 2. The numbers of fluorescent pseudomonad bacteria isolated from paper birch seedlings and 
Douglas-fir seedlings in relation to the mass of the seedling root system. 
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pseudomonad populations. However, the seedling effect is only significant in the analysis 
performed on the bacteria per gram root data (Table 1). There were no significant 
interactions among any of the treatments . Because the root mass of each seedling was 
less than 1 gram, the mean pseudomonad populations were smaller when expressed on a 
per seedling basis. For the remainder of this paper, results are shown only for the 
pseudomonad populations per gram of root, except for the effect of seedling species 
where both analyses are reported. 
Pseudomonad populations in different stand types 
There were approximately four times more fluorescent pseudomonad bacteria per 
gram of dry root on the seedlings grown in the birch soils (10 5·57 cfu/g root) than in the 
Douglas-fir soils (10 4·97 cfu/g root) (p= 0.013), when both Douglas-fir and birch 
seedlings were considered (Figure 3a). The soils from the mixed stands had intermediate 
populations but were not significantly different than either of the other two stand types. 
The opposite pattern was observed with respect to variability in pseudomonad 
populations. The six Douglas-fir stands had the most variability in pseudomonad 
populations followed by the mixed stands and the birch stands with the least variability 
(Figure 3b). Bartlett's test indicates that these differences in variance between the 
pseudomonad populations are not large enough to violate the assumption of equality of 
variance necessary for ANOVA (Sakal and Rohlf, 1995). 
The juvenile stands supported 10 5.46 cfu I g dry root compared to 10 5·11 cfu/g dry 
root in the mature stands. When all stand and bioassay seedling types are considered, 
there were approximately twice as many fluorescent pseudomonads in the juvenile stands 
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Table 1. Results of a 3 way analysis of variance to detect differences in fluorescent pseudomonad 
bacterial populations when expressed per unit mass of root tissue and per entire seedling root system. 
Factor df F value p value 
Pseudomonads per gram 
dry rooe 
Stand 2 5.266 .012 ** 
Age 1 4.925 .036 ** 
Seedling 1 6.404 .018 ** 
Stand x age 2 1.705 .203 
Stand x seedling 2 0.069 .933 
Age x seedling 1 0.096 .760 
Stand x age x seedling 2 0.088 .916 
Error 24 
Pseudomonads per 
seedling root system 
Stand 2 6.406 .006** 
Age 1 4.644 .041 ** 
Seedling 1 0.070 .793 
Stand x age 2 1.987 .159 
Stand x seedling 2 0.028 .972 
Age x seedling 1 0.152 .670 
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Figure 3. a) Populations of fluorescent pseudomonad bacteria in soils isolated from three different 
stand types and two stand ages (young: 9-17 years; mature: 70-100 years). b) Boxplots showing 
variability in fluorescent pseudomonad populations in a) above. Middle symbol indicates median 
value and box indicates 25th and 75th percentiles of the data. 
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as the mature stands (p= 0.036) (Figure 3a). Although there were no significant 
interactions between stand type and age in this experiment, the mean populations of 
pseudomonads appeared to be approximately equal in young and mature birch stands. 
This is in contrast to mixed and Douglas-fir stands where the differences were more 
apparent. 
Effect of seedling species on pseudomonad populations 
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There were approximately three times more fluorescent pseudomonads in the 
rhizosphere of the Douglas-fir seedlings (1 0 5·53 cfu/g root) compared to the same mass of 
roots in the paper birch seedlings (10 5·04 cfu/g root) (p= 0.018), (Figure 4a). There was 
no significant difference in pseudomonad populations between species, however, when 
compared on a per seedling root system basis (Figure 4b). These differences may be 
attributed to the fact that the mass of the root systems was larger in the paper birch 
seedlings (0.530 g) compared to the mean root mass of the Douglas-fir seedlings 
(0.216 g) resulting in higher densities of pseudomonads per gram of root on the Douglas-
fir seedlings. 
Greenhouse contaminants 
There were fluorescent pseudomonads introduced into the autoclaved soils from the 
greenhouse environment in all soils and seedling types over the course of the bioassay 
experiment. Overall, the raw soils used in the greenhouse bioassays had 50 times more 
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Figure 4. a) Fluorescent pseudomonad populations per gram of root tissue isolated from 4 month old 
paper birch and Douglas-fir seedlings grown in native soils. b) Pseudomonad populations isolated 
from the entire root systems of 4 month old Douglas-fir and paper birch seedlings grown in native 
soils . 
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cfu/g root, and 10 3·76 cfu/g root respectively) (p< 0.001 ). There was no significant effect 
of stand composotion or age in the ANOV A when the controls were included in the 
analysis. The large differences between the control and treatment pseudomonad 
populations effectively masked the smaller differences between treatments. There were 
proportionally fewer pseudomonads in the autoclaved birch soils than the mixed and 
Douglas-fir soils (Table 2) but the birch seedlings in the autoclaved soils supported more 
pseudomonads than the Douglas-fir seedlings (Table 3). 
Comparison of pseudomonad populations between stands of the same type 
There was high variability in pseudomonad populations among soils from the three 
stands of each stand/age combination (Table 4). A post-hoc multivariate cluster analysis 
on the stand and soil characteristics of the 18 stands in this study revealed that the 
replicate stands representing each stand type were not all similar. Many iterations of the 
cluster analysis indicated that the stands formed four stable groups (Figure 5) instead of 
the original six groups of 3 replicate stands. These four groups, which remained intact 
when factors were substituted in the analysis, were separated out based primarily on stand 
age and density of birch in the stand. 
A one way ANOV A was run to determine if there were significant differences in 
pseudomonad populations between the groups of statistically similar stands. There were 
significantly more bacteria in the young and mature high density birch and mixed stands 
than the mature stands with little or no birch in them (Table 5). High variability in the 
pseudomonad populations within each cluster of stands likely negated any difference 
between the two groups of young stands as in the original ANOV A. The cluster analysis 
Table 2. Mean numbers of fluorescent pseudomonad bacteria isolated from 
bioassay seedlings grown in raw and autoclaved soil (control) from different 
forest stand types . Data are pooled for Douglas-fir and birch bioassay seedlings. 
Different letters indicate significant differences at p<0.05 using Tukey's HSD 
test. 
Stand type Treatment Fluorescent pseudomonads 
(loglO cfu/g root) 
Paper birch Raw 5.57 a 
Control 3.07 b 
Mixed Raw 5.22 a 
Control 3.74 b 
Douglas-fir Raw 4.97 a 
Control 3.72 b 
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Table 3. Mean numbers of fluorescent pseudomonad bacteria isolated from raw 
and autoclaved soil from 4-6 month old paper birch and Douglas-fir bioassay 
seedlings. Different letters indicate significant differences at p<0.05. 
Seedling Treatment Fluorescent pseudomonads 
(loglO cfu/g root) 
Paper birch Raw 5.45a 
Control 4.56 b 




Table 4. Comparison of mean fluorescent pseudomonad populations in replicates 
of six different stand types. Bacteria were isolated from 4-6 month oldDouglas-
fir and birch bioassay seedlings (data pooled). 
Stand type Stand Fluorescent pseudomonads 
identification (loglO cfu/g root) 
Young paper birch BYl 5.95 
BY2 5.39 
BY3 5.43 
Young mixed MYl 5.71 
MY2 5.44 
MY3 5.56 
Young Douglas-fir FYI 5.68 
FY2 5.09 
FY3 4.56 
Mature birch Bl 5.78 
B2 5.48 
B3 5.41 
Mature mixed Ml 5.23 
M2 4.63 
M3 4.73 
Mature Douglas-fir Fl 5.36 
F2 5.06 
F3 4.09 
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Figure 5. A tree diagram indicating clustering of similar forest stands into four groups (marked by 
numbers) . 
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Table 5. Analysis of variance of groups of statistically similar forest stands generated using 
cluster analysis. The factors used to separate the stands were basal area of birch, density of 
birch (stems/ha), basal area of Douglas-fir, age of stand and depth of LFH layer in the soil. 
Group number Stand ID Mean Mean Birch Mean Fluorescent 
Stand density pseudomonads 
age (stems/ha) (log lOcfu/g root) 
BYl 









B2 77 922 5.56a 
B3 
4 Ml 





Note: BY= young birch stands, MY= young mixed stands, FY= young Douglas-fir 
stands, B= mature birch stands, M= mature mixed stands, F= mature Douglas-fir 




confirmed the trend of increasing pseudomonad numbers with higher proportion of birch 
in the stands that was identified in the analysis of variance. 
Two of the young birch stands (BY2 and BY3) had low populations of 
pseudomonads and their soil properties were more similar to the young Douglas-fir 
stands than the other high density birch stands. The cluster analysis revealed that BY2 
and FY2 (young Douglas-fir stand) were alike in that they had minimal organic layers 
( <2cm LFH) and low pseudomonad populations. The other stand, BY3, had low density 
of birch and water saturated soil in part of the sampled area. Overall, the mature stands 
formed groups which more closely resembled the original stand designations than those 
formed for the young stands. 
Effect of stand and soil characteristics on pseudomonad populations 
Stand composition factors 
Spearman R correlation analysis confirmed the trends of increasing fluorescent 
pseudomonad populations with increasing density of paper birch (stems per hectare) in 
the sampled stands (Table 6). In contrast the bacterial counts decreased with increasing 
basal area of Douglas-fir (measured in square meters per hectare). The correlations of 
pseudomonad populations with basal area of all broadleaf species and basal area of all 
conifers in the stand were higher than birch alone but lower than Douglas-fir alone 
respectively. Interestingly, the correlations were not as strong for density of Douglas-fir 
in the stands or basal area of birch. Age of the stand was negatively correlated with 
pseudomonad populations which confirms the results of the ANOVA. 
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Table 6. Spearman R correlation values for rhizosphere pseudomonad populations and various forest 
stand structure attributes. 
Stand attribute Spearman R R p value 
Basal area of birch .33 .11 .176 
Density of birch .50 .25 .037 
Basal area of Douglas-fir -.74 .55 .0005 
Density of Douglas-fir -.35 .12 .153 
Basal area of all broadleaves .44 .19 .070 
Basal area of all conifers -.69 .48 .001 
Age of stand -.50 .25 .037 
N= 18 for all correlations 
Data pooled for Douglas-fir and birch bioassay seedlings 
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The apparent influence of birch on pseudomonad populations was evident when 
looking at correlation values of pseudomonads with percent cover data for the stands. 
Large Spearman R values were obtained for the positive correlation between 
pseudomonad populations and percent cover by paper birch and the corresponding 
negative correlation of pseudomonads with Douglas-fir cover in the stand (Table 7). The 
R2 value increased by 5% and 22% when the other broadleaf species and conifer species 
respectively were included in the analysis. The percent cover of shrubs and herbs alone or 
in combination with tree species had no apparent relationship with pseudomonad 
populations. There was no relationship between species richness (number of species that 
occur in each stand) and pseudomonad populations. 
Soil factors 
The stands with high pseudomonad populations were classified as ICHmw3 04 or 05 
according to the British Columbia biogeoclimatic classification system (Lloyd et al., 
1990). This site series designation corresponds to stands with medium to rich soils and 
submesic to mesic soil moisture regime. Populations of fluorescent pseudomonads 
declined as the stands got drier (ICH mw3 03) or wetter (ICH mw3 01 - 06) than these 
medium 04 to 05 sites (data not shown). 
There was a statistically significant trend of decreasing soil carbon:nitrogen ratio 
(total percent carbon and nitrogen) with increasing pseudomonad abundance (Table 8). 
Depth of LFH layer, soil pH and mineral soil percent carbon and percent nitrogen were 
not significantly correlated with the observed bacterial populations (p>0.05). 
Foliage nutrient analysis revealed that the birch leaves had higher nutrient 
concentrations than the Douglas-fir leaves, with the exception of potassium, which was 
higher in Douglas-fir (Table 9). There was a significant correlation of pseudomonad 
populations with Cu, Fe, and Mn concentrations for the birch foliage only (Table 9) . 
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Table 7. Spearman R correlation values for rhizosphere pseudomonad populations and percent cover 
of vegetation types and individual tree species in 18 forest stands. 
Vegetation layer Spearman R R p value 
Paper birch .61 .37 .007 
Douglas-fir -.65 .42 .003 
All broadleaf species .65 .42 .003 
All conifer species -.80 .64 <.0001 
Shrubs and herb species -.14 .02 .651 
N=18 for all correlations 
Data oopled for Douglas-fir and birch bioassay seedlings 
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Table 8. Spearman R correlation values for rhizosphere pseudomonad populations and soil attributes 
in 18 forest stands. 
Soil attribute Spearman R R p value 
% Soil carbon .21 .04 .639 
% Soil nitrogen .42 .18 .157 
C:N ratio -.48 .23 .037 
Soil pH -.17 .03 .499 
Depth LFH layer .16 .03 .517 
N=18 for all correlations 
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Table 9. Average foliar nutrient concentrations in paper birch (Pb) and Douglas-fir (Fd) bioassay 
seedlings grown in 18 different forest soils. Different letters indicate significant differences between 
seedling species using student's t-test (p<.05). Spearman R correlation values for rhizosphere 
pseudomonad populations and foliage nutrients of both seedling types are shown. 
Foliar Paper birch Douglas-fir Correlation with 
Nutrient pseudomonad populations 
Spearman R 
Pb Fd 
K(%) 0.613a 0.8306 .10 -.25 
Ca (%) 1.590a 0.634 b -.14 .02 
Mg(%) 0.782 a 0.235 b -.10 -.16 
Fe (ppm) 694.11 a 221.51 b .46* .05 
Mn (ppm) 364.93 a 207.05 b -.50* -.31 
Cu (ppm) 10.31 a 8.14 b .48* .01 
n=18 for all correlations 
*p<.OS 
Discussion 
Fluorescent versus non-fluorescent Pseudomonas spp. 
Obtaining meaningful results in rhizosphere microbial population and ecology 
studies revolves around the ability to efficiently select for and isolate the microbes of 
interest. In this study all isolates tested using the BIOLOG system were confirmed as 
pseudomonad bacteria. The high percentage of fluorescent isolates recovered from 
bioassay seedlings compared to non-fluorescent isolates confirms the efficacy of King's 
B media amended with antibiotics for the selection of these bacteria. 
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The Pseudomonas genus is a large, heterogeneous group of gram-negative bacteria 
that are characteristically difficult to identify to the species level. The BIOLOG system 
incorrectly classified 23 of 33 fluorescent species (as determined by their fluorescence 
under UV light) as Pseudomonas corrugata, a nonfluorescent phytopathogenic species 
(Scarlett et al, 1978). Ribosomal ribonucleic acid (rRNA) studies have revealed that P. 
corrugata is genetically closely related to the fluorescent pseudomonad species P. 
jluorescens and P. putida (DeVos et al., 1985) isolated in this study. DeVos et al. 
(1985) suggest that production of fluorescent pigments is the major reliable criterion for 
separating the phytopathogenic species like P. corrugata in this rRNA group from the 
fluorescent saprophytic species that were the focus of this study. Therefore it is assumed 
that all fluorescent isolates recovered from the seedlings in this study were fluorescent 
pseudomonads in the P. jluorescens rRNA group. This example illustrates the limitations 
of one-step substrate utilization systems for identification of bacterial species. 
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Effect of stand type on pseudomonad populations 
There were more fluorescent pseudomonad bacteria in the soils under birch stands 
than under Douglas-fir stands. These results confirm earlier work done on microbial 
communities in broad leaf and coniferous stands (Grays ton et al., 1996; Bauhus et al., 
1998). Bradley and Fyles ( 1995) observed that paper birch seedlings dramatically 
increased the amount of available soil carbon after only 22 weeks exposure to the soil 
compared to 3 conifer species and 2 other broadleaf species grown in the same soil. They 
also reported an associated increase in the assimilation of carbon by soil microbes in 
birch soils relative to other tree species. Paper birch allocates more current carbon to 
roots than Douglas-fir which should result in higher amounts of root exudates being 
produced (Simard et al., 1997). Betula alleghaniensis was found to exude two to three 
times the amount of exudates from unsuberized root tips than both Fagus grandifolia and 
Acer saccharum (Smith, 1976). In another study there was more carbon assimilated into 
microbia] biomass under aspen (Populus tremuloides) than under coniferous stands 
(Scheu and Parkinson , 1995). Therefore it seems likely that the presence of paper birch in 
a stand would create a favorable environment for the maintenance of large populations of 
microbes like fluorescent pseudomonads in the carbon-enriched rhizosphere. 
Birch soils may support higher populations of pseudomonads due to higher quality 
exudates from birch compared to species like Douglas-fir. In a comparison of eight Pinus 
species and eleven broadleaf species, Grayston et al. (1996) found that Betula 
alleghaniensis and two Eucalyptus species produced the greatest variety of root exudate 
compounds including carbohydrates, amino acids, and organic acids. B. alleghaniensis 
also released a greater diversity of organic and inorganic exudates from root tips than two 
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broadleaf species, F. grandifolia and A. saccharum (Smith, 1976). Paper birch has been 
found to support fewer numbers of nutritionally limited microbes but higher overall total 
microbial biomass compared to conifers (Bradley and Fyles, 1995), suggesting that birch 
exudates may be of higher quality as well as quantity. 
The strong positive correlation of fluorescent pseudomonad populations with 
density and percent cover of birch in the stand suggests that the positive influence of 
birch on rhizosphere pseudomonads may be proportional to the soil area occupied by 
birch roots. With increasing cover of birch canopies above ground, there is an associated 
increase of birch roots per unit area below ground. In stands with high density of birch 
there would be proportionally more exudates delivered to the plant-soil interface over any 
given area than in pure Douglas-fir stands. There would also be proportionally more fine 
root tips, the site for most exudate release (Bradley and Fyles,l995; Grayston et al., 
1996), in stands with many small birch trees than in stands with few large birch trees. 
With Douglas-fir the trend is opposite to that observed for paper birch. Basal area 
and percent cover of Douglas-fir were negatively correlated with pseudomonad 
populations indicating that the roots of this species either have a direct negative influence 
on pseudomonads, or they occupy space in the soil matrix reducing the area which birch 
roots can influence. There are many possible ways in which Douglas-fir could negatively 
influence pseudomonad populations. This species, like most conifers, influences the soil 
pH making it more acidic at the root-soil interface and less favorable for bacteria in 
general (Eyre, 1963). Although there was no relationship between pH and occurrence of 
Douglas-fir in this study, pH was measured on a bulk soil sample and not on rhizosphere 
soil from a single horizon. This results in a less accurate picture of rhizosphere soil pH 
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(Marschner et al., 1987). The Douglas-fir rhizosphere could also be more conducive to 
the growth of fungi and other groups of bacteria which could out-compete pseudomonads 
for rhizosphere carbon. 
When the percent cover of all conifers in the stand was related to pseudomonad 
populations, the R2 value significantly increased. This indicates that some or all of these 
other species, including Tsuga heterophylla, Thuja plicata and Pinus spp., may have 
similar effects to Douglas-fir on the pseudomonad populations. Interestingly, the 
relationship of percent cover of all broadleaf species in the stand with pseudomonad 
populations explains 22% Jess of the variability in these populations than the negative 
correlation with the conifer species in the stand. This may be another indicator that 
conifers have a direct negative effect on pseudomonad populations in the rhizosphere. 
In this study, lower carbon:nitrogen ratios of the soil were associated with high 
pseudomonad populations and high density of birch. The C:N ratio of broadleaf leaf litter 
is lower than that of conifers (Grayston et al., 1996). Root exudates also have low C:N 
ratios in the range of 2.5-13.0 (Mench and Martin, 1991). Therefore the increased 
pseudomonad numbers in soils where there was a large proportion of birch would be 
associated with a lower C:N ratio due to the input of birch leaf and root litter and 
increased root exudates. However, paper birch trees exude much more carbon into the 
soil than other species which should effectively raise the C:N ratio to the point where 
rhizosphere pseudomonads would be nitrogen limited and biomass accumulation would 
decrease (Knapp et al., 1983). Contrary to that, Bradley and Fyles (1995) observed that, 
along with increased soil carbon, paper birch roots actually increased the concentrations 
of mineralized-N in the soil 4-6 times over spruce, true fir and 3 other broadleaf species. 
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Therefore in soils with high amounts of birch there is increased availability of nitrogen to 
microbes and higher potential for pseudomonad growth. 
Effect of stand age 
The lower pseudomonad populations in mature stands than young stands in this 
study likely reflect a change in the quality and quantity of exudates as trees mature. Smith 
(1970) reported that Acer saccharum seedlings produce a higher quantity and more 
diverse carbohydrates but less amino acids and organic acids than do mature trees. 
Similarly, Leyva) and Berthelin (1993) reported that 1-year-old pine and beech seedlings 
exude more soluble carbon compounds than 2-year-old seedlings. In this study, there 
were two distinct groups of stands (young and mature) with no measurements from 
stands of intermediate age. It is therefore impossible to determine if populations drop off 
linearly with increasing age from the data in this study. However, it seems likely that the 
quality and quantity of exudates would stabilize as trees enter the latter stages of their life 
cycle and net primary productivity levels off. · 
Effect of bioassay seedling type 
The Douglas-fir bioassay seedlings had more pseudomonads per gram of root tissue 
on smaller root systems than the same age paper birch seedlings. However, the results of 
this study clearly indicate that numbers of pseudomonads recovered from each root 
system was not related to the mass of that root system. It is likely that this relationship 
would be significant if mass of fine roots were related to pseudomonad populations since 
quantity of root exudates is highest just behind the root tips (Rovira, 1973). It is possible 
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that the paper birch and Douglas-fir seedlings had similar mass and area of fine root tips 
which would validate the result of statistically equal populations per seedling for the two 
species. 
Since birch stands supported more pseudomonads than Douglas-fir stands, we 
expected that more bacteria would have been isolated from the birch bioassay seedlings. 
However, the seedlings were only four to six months old when the bacteria were isolated 
from their roots. The roots of these young seedlings likely did not reflect what birch and 
Douglas-fir trees in the sampled stands allocate to either root development or exudate 
production. Six months is also not long enough for the seedlings to have a large influence 
on soil properties and pseudomonad populations. Therefore the bioassay seedlings simply 
reflected the capability of each soil type to support pseudomonad populations. 
The root morphology of the paper birch and Douglas-fir seedlings, which was 
markedly different between the species, should logically have resulted in higher numbers 
of pseudomonads per gram of root on the birch seedlings rather than on the Douglas-fir 
as was observed in this study. The paper birch seedlings developed highly branched 
fibrous root systems. These roots extended horizontally to fill the width of the tube before 
growing down to the bottom of the tube resulting in more root tips per mass of root than 
the Douglas-fir seedlings. The birch roots were approximately 0.5 to 0.75mm in diameter. 
In contrast, the Douglas-fir seedlings had several main roots branching off from a taproot, 
all of which extended to the bottom of the Leach tube. The roots had little lateral 
branching and most were approximately l-1.5mm in diameter. The fact that there were 
fewer pseudomonads per gram of root on the birch seedlings may be partially explained 
by the larger amount of soil that was tightly adhered to the roots of the paper birch 
seedlings. This associated soil may have added to the total weight of the roots but likely 
harbored few pseudomonads. 
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With the exception of potassium, the birch foliage of the bioassay seedlings had 
higher nutrient concentrations than the Douglas-fir foliage. This result agrees with 
previous observations of foliar nutrient concentrations of these two species (Simard, 
1995). The higher nutrient concentration of the birch foliage may be linked to the 
observed release of high quantities of ions from birch roots including Na, Ca, NH4 , and 
Mg (Smith, 1976). The reason for the lower K concentrations in the birch seedlings is 
unknown and may represent a deficiency of potassium in these seedlings. The significant 
relationship of increasing Fe foliar concentrations with increasing pseudomonad 
populations on birch roots is possibly due to increased iron uptake in the plants in the 
presence of high concentrations of extracellular siderophores secreted by the 
pseudomonads. The observed trend of decreasing pseudomonad populations with 
increasing Mn concentrations in the birch seedlings may be an indication of the first 
stages of Mn toxicity in the seedlings (Marschner et al., 1987) with high Mn 
concentrations resulting in reduced tree vigor and corresponding lower exudate 
quantities. 
Effectiveness of greenhouse bioassays 
The use of greenhouse bioassays for the isolation of pseudomonads from different 
soils seems to be an effective technique for determining populations of these bacteria. 
The ability of bioassay seedlings to reflect the bacterial populations of each soil at the 
time of sampling is demonstrated by similar patterns of pseudomonad counts for each soil 
type on the roots of both birch and Douglas-fir seedlings (data not shown). Fluorescent 
pseudomonads are routinely and effectively isolated from raw soil (Dumas, 1992) or 
directly from the roots of trees growing in native soil (Chanway and Holl, 1992; 
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Axel rood et al., 1996; Shishido et al., 1996). However, in this study, it was not possible 
to distinguish birch from Douglas-fir roots or any other roots in the organic layers in the 
mature forest stands. In this situation greenhouse bioassays present an alternative method 
for isolating pseudomonads which can specifically colonize the roots of particular species 
like paper birch and Douglas-fir. 
One of the major concerns in isolating pseudomonads indirectly from seedlings 
grown in native soils is the potential to change the populations via introduced bacteria 
from the greenhouse. Many studies have shown that bacteria introduced into a sterile 
environment will multiply rapidly in the absence of any other competing organisms in the 
soil (Davies and Whitbread, 1989). Gamliel and Katan (1992) reported that pseudomonad 
numbers in solarized soil increased 10 fold over those in nonsolarized soil when root 
exudates were added to the soil. When seeds were germinated in the autoclaved soils as 
"controls" in this study, this presented a suitable environment for any randomly 
introduced pseudomonad from the water or air to rapidly colonize the newly emerged 
seedling roots. Conversely, research has shown that bacteria introduced into raw soils 
generally are not able to displace native populations of bacteria in the rhizosphere (Acea 
and Alexander, 1988; Heijnen et al., 1993). For this reason, using autoclaved soils as a 
control to detect greenhouse contaminants does not provide any useful measure of 
introduced bacteria in this study. This idea is confirmed by the fact that controls designed 
to detect background bacterial populations as such are not employed in most microbial 
studies. 
Variability in pseudomonad populations 
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The variability in pseudomonad populations between replicate stands and between 
bioassay seedlings grown in the same soil was high as expected. Bacterial populations are 
highly variable across distances of less than one centimeter in any given soil due to 
micro-scale variation in physio-chemical conditions and substrate availability and quality. 
For this reason, a large sample number is usually required to detect differences in 
bacterial populations between different sites in a natural environment (Parkin and 
Robinson, 1994). The fact that significant differences between stand types were detected 
in this study with a sample size of 36 indicates that the differences were large given the 
extreme variability in pseudomonad populations. According to Kirk (1996), the 
differences in pseudomonad populations observed in this study for the stand, age and 
seedling factors represent large effect sizes. This concept of effect size, employed 
primarily in psychology and other social sciences, relates the magnitude of the group 
differences found in the multivariate ANOV A to the sample N. 
Some of the variability observed in replicate stands may be due in part to the 
protocol used to isolate the bacteria from the seedling roots. The seedlings were generally 
harvested in the same order each day with the number I replicates of each soil type 
harvested first each day (eg. BYl) followed by the number two and three replicates (BY2 
and BY3). The order was changed a few times during the course of the experiment but no 
obvious differences in bacterial counts with order of harvest were noted at the time so 
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most were done in the 1-2-3 order. However, there was a notable decrease in average 
populations with stand replicate number. This may be due in part to the bacteria sitting in 
the buffer solution longer (an extra 30 minutes) in the latter part of the day because the 
plating of the dilutions was slower than the seedling harvest in a two part process carried 
out by two people. However, this should have no effect on overall treatment differences 
because one batch of six seedlings was harvested from the same replicate of each stand 
type and age (eg. BYl-1, MYI-1, FYI-I, Bl-1, M1-l, F1-1). 
The cluster analysis revealed that two of the young birch stands were not similar in 
their composition to the other young stands with a high proportion of birch. One of these 
young birch stands and one Douglas-fir stand had low pseudomonad populations and 
little or no organic LFH layers. In the case of the birch stand, the surface soil horizons 
had been removed during logging and site preparation. The soil on this site appeared to 
be compacted in places as well. Since most of the nutrients for tree growth come from the 
organic horizon, the loss of this layer would severely limit nutrient cycling and overall 
site productivity (Kimmins, 1987) which could limit pseudomonad biomass production. 
There may be Jess root exudates per unit area of soil on a low productivity site and they 
would likely be of lower nutrient quality. The Douglas-fir stand with a small LFH layer 
and relatively low pseudomonad numbers compared to the two other replicate stands had 
been treated with a herbicide ten years previously. The herbicide likely reduced or 
eliminated the birch and shrub populations on the site thereby reducing the amount of 
litter added to the top layers of the soil. This may result in fewer nutrients being available 
to the trees on the site and a reduction in net primary productivity (Sachs, 1995; Wang et 
al., 1996) which could indirectly result in low numbers of rhizosphere bacteria like 
fluorescent pseudomonads. 
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The other young birch stand that was grouped with the young Douglas-fir stands has 
low density of birch. However, this fact does not explain its low pseudomonad population 
size as this stand had large fast growing birch trees that had been thinned a few years 
previous to reduce competition. The low numbers of pseudomonads in this stand may 
have resulted from a low-lying water saturated area within the sampling grid. Low 
oxygen levels in saturated soil are not conducive to growth of pseudomonads which are 
strictly aerobic bacteria (Buchanan and Gibbons, 1974). 
Conclusions 
The results of this study suggest that the species composition and age of the forest 
affect rhizosphere populations of fluorescent Pseudomonas spp. The fact that paper birch 
seems to create an environment that is conducive to large numbers of these bacteria in the 
root-soil matrix warrants further research in this area. Their plant growth promoting 
capabilities as well as the well-documented ability of these bacteria to act as effective 
agents against fungal root pathogens make pseudomonad ecology a very interesting 
subject in a forestry context. This study should form the basis for more detailed field 
studies of pseudomonads in situ. 
The relative pseudomonad populations observed in different stand types in this study 
support the hypothesis that high numbers of these bacteria could be associated with low 
incidence of Armillaria ostoyae infection in paper birch. Although there is no direct 
evidence of pseudomonad-Armillaria antagonism provided by this study, the general 
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trends of pseudomonad populations over the various stand and age groups provide 
indirect support for this theory: firstly, the highest numbers of fluorescent pseudomonads 
were isolated from young birch stands, and paper birch is known to be resistant to 
Armillaria root rot (Morrison et al., 1991 ). Secondly, the pseudomonad populations 
increased with increasing proportion of birch in the stand and studies have shown that 
there is less incidence of Armillaria in stands with paper birch (Morrison et al., 1988). 
Finally, Douglas-fir appears to have a negative effect on pseudomonad populations in the 
rhizosphere and this species is also very susceptible to Armillaria ostoyae. 
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Chapter 3. In vitro inhibition of Armillaria ostoyae by fluorescent pseudomonads 
isolated from Douglas-fir, paper birch and mixed forest stands 
Introduction 
Armillaria ostoyae (Romang.) Herink is an important fungal pathogen of conifer 
species in western North America (Morrison et al., 1991; Wargo and Shaw, 1985). This 
fungus is an aggressive pathogen on susceptible tree species and can colonize and kill 
otherwise healthy trees. In the southern interior of British Columbia this disease causes 
extensive mortality in plantations and mature conifer stands that have been selectively 
harvested (Morrison and Pellow, 1994 ). In the cedar-hemlock forests of southern B.C., 
Armillaria root disease can occupy up to 30% of the area in a stand (Morrison, 1981 ). 
Reducing losses to Armillaria root disease has proven to be a serious challenge on 
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managed forest land. After harvesting trees with existing quiescent Armillaria infections, 
the fungus rapidly colonizes the stumps providing an increased inoculum source for 
subsequent infection of regenerated trees via root contacts and rhizomorphs (Morrison et 
al., 1991). Chemicals and stump fumigants have largely been ineffective, cost prohibitive 
or highly toxic to humans and the environment (Filip and Roth, 1977; Shaw and Roth, 
1978; Filip and Roth, 1987; Fedorov and Bobko, 1989). The favored method of removing 
infected stumps prior to planting sites has produced unacceptable levels of site 
disturbance (Davis and Wells, 1994) and can reduce long-term site productivity (Harvey 
etal., 1981; Smith and Wass, 1991; Page-Dumroese etal., 1998). 
Biological control has been investigated as an alternative strategy for management of 
Armillaria root disease. Most of the research has focussed on other fungi which can 
inhibit the growth of Armillaria or out-compete the pathogen in woody substrates. Fungi 
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studied include Trichodenna sp. (Bliss, 1951; Filip and Roth, 1977; Reaves et al., 1990), 
Ulocladium botrytis (Preuss) (Reaves and Crawford, 1994) and Peniophora gigantea (fr.) 
Massee (Rishbeth, 1979; Fedorov and Bobko, 1989). Other studies have tested effects of 
bacteria on Armillaria ostoyae growth. Hutchins (1980) isolated antagonistic Bacillus 
bacteria from forest soil that could inhibit the growth of Armillaria in vitro. Similarly, 
Dumas (1992) found six genera of bacteria that could inhibit the linear growth of 
Annillaria ostoyae in vitro , the most commonly isolated group being the fluorescent 
Pseudomonas species. 
Fluorescent pseudomonad bacteria are effective biocontrol agents against a diverse 
range of soil borne fungal pathogens of agricultural crops (Weller and Cook, 1983; Stutz 
et al., 1986; Loper, 1988; Parke et al., 1991 ). These bacteria have many different 
mechanisms by which they inhibit the colonization of plants by pathogens. 
Pseudomonads produce extracellular siderophores which bind iron in the rhizosphere, 
effectively outcompeting pathogens for this vital element (Kloepper et al. l980b, Wong 
and Baker, 1984; Becker and Cook, 1988). These bacteria also secrete a wide variety of 
antimicrobial substances including pyrrolnitrin, phenazine-1-carboxylic acid and 2,4-
diacetylphloroglucinol (Thomashow and Weller, 1988; Brisbane et al., 1987; Hill et al., 
1994; Nowak-Thompson et al., 1994). Direct competition for nutrients in the rhizosphere 
has been implicated as the mode of antagonism of some pseudomonad strains against 
Pythium spp. (Elad and Chet, 1987). There is also evidence that some fluorescent 
pseudomonads indirectly antagonize pathogens through induced systemic resistance of 
the host plant (Wei et al., 1991; Liu et al, 1995; Leeman et al., 1996). 
The objective of the present study was to assess the incidence of pseudomonad 
bacteria that are effective antagonists of Armillaria ostoyae in forest stands. For most 
previously identified biocontrol agents, practical use of these organisms is limited by 
poor colonization and survival rates of introduced organisms in vivo (Shaw and Roth, 
1978; Mazzola and Cook, 1991). Therefore it has been suggested that biocontrol efforts 
should be focussed on enhancing those conditions in forest stands which favor high 
populations of the desired biocontrol organism (Hagle and Shaw, 1991). 
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In another study it was found that stands with a high proportion of paper birch 
(Betula papyrifera) had significantly higher populations of fluorescent pseudomonad 
bacteria (Chapter 2). If these bacteria are found to be antagonistic toward Armillaria 
ostoyae, it is conceivable that the disease could be better managed through careful 
manipulation of the tree species mixtures in managed stands. In this study, fluorescent 
pseudomonads were isolated from young and mature pure birch, pure Douglas-fir 
(Pseudotsuga menziesii Mirb. Franco.) and mixed stands and used in in vitro dual culture 
experiments with A. ostoyae. Numbers of antagonistic pseudomonads and degree of 
antagonism were compared between all six stand types to determine if there were stand 
conditions which favor antagonistic pseudomonad strains. A secondary objective of this 
study was to determine if the observed antagonism could be attributed to siderophore 




The study area was located in the north Adams and North Thompson watersheds of 
the Kamloops Forest Region, approximately 60 km northeast of Kamloops in the 
southern interior of British Columbia (Chapter 2). The stands sampled in the study occur 
in the Thompson Moist Warm Interior Cedar Hemlock (ICH) biogeoclimatic variant 
(Lloyd et al, 1990). The area is characterized by warm, wet summers and mild winters 
with high accumulations of snow. Average daily temperature is 19°C in July and -6°C in 
January (Environment Canada, 1980). 
The study area was selected based on the occurrence of stands dominated by 
Douglas-fir and paper birch alone or in mixture. Most stands also had small components 
of western red cedar (Thuja plicata Donn ex D. Don), western hemlock (Tsuga 
heterophylla Raf. Sarg.) , lodgepole pine (Pinus contorta var. latifolia Doug!. Ex Loud.), 
and western white pine (Pinus monticola Dougl. Ex D. Don). The study area also had a 
very high incidence of Armillaria ostoyae in both plantations and mature stands. This 
fungal pathogen causes significant mortality of native and planted seedlings in this region 
and creates large openings in mature stands (Morrison, 1981 ). 
Selection of pseudomonad isolates 
Isolates of fluorescent pseudomonads were obtained from Douglas-fir and paper 
birch bioassay seedlings that were grown in soils from young and mature pure Douglas-
fir, pure paper birch and mixed stands for an earlier experiment dealing with 
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pseudomonad populations (see Chapter 2). The entire root system of each seedling was 
cut up into short lengths of less than 2cm and placed in a test tube containing 9ml of 
sterile 0.01M sodium phosphate buffer, pH 7.2. The test tubes were then placed on a 
rotary shaker at 200rpm for 20 minutes in batches of six (one per stand type) to suspend 
the rhizosphere bacteria in the buffer. The resulting solution was serially diluted by 
removing 1 ml and placing it into a 9ml phosphate buffer blank. After every dilution each 
test tube was vortexed gently for 10 seconds. 
Bacterial count plates were prepared by taking 0.1 ml of the 1x w-3 and 1 X 10-4 
dilutions and spreading them on King's B+ (KB+) media (King et al., 1954) amended 
with 75j..tg/ml cycloheximide, 50j..tg/ml ampicillin (sodium salt) and 12.5j..tg/ml 
chloramphenicol. These antibiotics eliminate all fungi and gram positive bacteria from 
the plates and create a selective media for fluorescent pseudomonad bacteria (Geels and 
Schippers, 1983). Duplicate plates were prepared for each dilution for each seedling. The 
plates were incubated in a dark cabinet at room temperature (approximately 21 °C) for 48 
hours and then the number of colony forming units (cfu) was counted on each plate. The 
plates containing between 30 and 300 colonies (Zuberer, 1994) were placed on a UV 
light table (900nm wavelength) and the number of fluorescent pseudomonad colonies 
was recorded. 
Two fluorescent bacterial colonies were chosen randomly from one of the dilution 
spread plates generated for each seedling. The isolates were chosen using a numbered 
grid overlaid on the petri dish. Random numbers were used to select isolates 
corresponding to a specific location on the plate. Each isolate was streaked onto a fresh 
KB+ plate and grown for 48 hours. Each bacterial culture was then transferred to 2ml 
cryovials containing 20% glycerol and stored at -40°C with duplicate cultures stored at 
-80°C. 
Fifteen pseudomonad isolates from each of the 18 stands were randomly selected 
from the total collection for use in the dual culture antagonism experiment. There were 
ten isolates from Douglas-fir seedlings and five isolates from paper birch seedlings. 
Contamination problems with media prevented the inclusion of ten isolates from paper 
birch. 
Isolation of Armillaria ostoyae 
The Armillaria ostoyae isolates were collected from a ICHmw3 Douglas-fir 
plantation near the Adams Lake study sites. The plantation was adjacent to one of the 
mature stands sampled for the pseudomonad population experiment (Chapter 2). The 
entire root systems of recently killed 8-year-old Douglas-fir seedlings infected with A. 
ostoyae were excavated and transported to the laboratory for isolation. Small pieces of 
freshly exposed mycelial fan from the root collar of the seedling were placed on 2% 
malt extract agar (MEA) and grown for 3 weeks in the dark at room temperature. 
Pure cultures of A. ostoyae were then selected for use in the antagonism 
experiment. The isolates were maintained on 2% MEA slants at 4°C until needed at 




Several media were tested prior to the initiation of the experiment to find a medium 
that would support adequate growth of both the fluorescent pseudomonads and the 
Armillaria ostoyae isolate. Both the fun gus and the bacteria were grown on 2% malt 
extract agar (MEA), King 's B (KB), a modified malt-yeast-peptone media (Rose et al., 
1980) with 2% malt extract and 0.75 % -1 % peptone, and KB with 2% malt extract. 
The effect of pH on growth of Armillaria and the fluorescent pseudomonads was 
tested using KB media adjusted to a range of pH values using O.lM KH2P04. The two 
organisms were grown at pH 5.5, 6.0, 6.5, 7.0, and pH 7.2 (the pH of the original KB 
media). All subsequent inhibition tests were performed on KB media adjusted to pH 6.5 
(KB *). 
Dual culture plates 
Each bacterial isol ate was taken from cold storage and the frozen glycerol /bacteria 
mixture was streaked directl y onto KB * plates. These cultures were grown at room 
temperature for 48 hours before being streaked onto the dual culture plates. 
The Armillaria ostoyae isolate was grown on 20 2% MEA plates for 3 weeks to 
provide fungal inoculum for the dual culture experiments. A 0.4 mm plug from the 
margin of an A. ostoyae colony was placed hyphae side down in the exact center of a 
1 Omm x 15mm petri di sh containing KB * and incubated in the dark at 21 oc. After one 
week a pseudomonad isolate grown on KB * for 48 hours was streaked onto the plate 
3.5cm away from the fungal plug in a 4cm wide band (Figure 6). The bacterial isolates 















Figure 6. Layout of the dual culture plates for evaluating antagonism of fluorescent 
pseudomonad bacterial strains against Armillaria ostoyae in vitro. 
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tapped out of it to ensure that a minimal but consistent amount of bacteria was added to 
each plate. 
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The dual culture plates were incubated in a dark cabinet at 21 oc for 25 days. The 
plates were checked every few days for contamination and for rapidly growing bacteria 
that had the potential to overgrow the fungus. The growth of the Armillaria colonies was 
measured after 25 days unless the edge of the advancing bacterial colony was within 0.5 
em of the fungus in which case it was measured a few days early. Control plates 
consisted of an Armillaria ostoyae plug placed in the center of the plate with no bacteria 
added to the plate. Each isolate was tested on duplicate plates. 
Measurement of Annillaria growth 
Antagonism of the Armillaria cultures by each Pseudomonas isolate was measured 
by the growth of the Armillaria plug on each plate compared to the control plates. The 
area and the biomass of the Armillaria colonies were recorded and expressed as a 
percentage of the same average measurements on the control plates. Area of each fungal 
colony was measured by outlining the edge of the colony with a fine marker and then 
using a 1:25000 dot matrix grid (25 dots per centimeter) overlaid on the petri dish to 
estimate area. 
The fungal colony and associated agar was then cut out of the media using a scalpel 
and transferred to 2ml dram vials. If the samples were not processed immediately they 
were stored at -40°C to prevent further growth of the fungus. The agar was removed 
from the samples by filling each vial with water and placing the vials in a water bath at 
85°C for one hour. The melted agar was then removed by filtration in a buchner funnel 
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apparatus using Whatman # 1 filter papers that had been individually weighed. The fungal 
material was rinsed with warm water to remove all remaining traces of agar. The filter 
papers and adhering Armillaria tissue were air dried for 48 hours and then reweighed to 
determine the biomass of each Armillaria colony. 
Mechanisms of antagonism 
Antibiosis 
Twenty fluorescent pseudomonad isolates were randomly selected from the 
collection of 270 pseudomonad cultures used in the antagonism experiments. Each 
bacterial isolate was inoculated into a 250m] Erlenmeyer flask containing 150ml of 
King's B broth and placed on a rotary shaker at room temperature. After 48 hours, 
approximately 50ml of each culture was transferred to a sterile tube and centrifuged at 
3000rpm for three minutes to pellet the majority of bacterial cells in the media. The 
supernatant was then filtered through 60ml sterile syringes fitted with 0.45-micron filters 
to remove all remaining bacteria. 
The filtrate from each isolate was used to make two sets of plates containing 15% 
and 50% culture filtrate by volume. The filtrate was added to cooled molten KB media 
(50°C) adjusted to pH 6.5 with KH2P04 
The Armillaria isolate was inoculated onto each plate by cutting a plug from the 
margin of a 3-week-old culture using a cork borer and placing it hyphae side down in the 
center of each plate. Two replicate plates were prepared for each filtrate concentration for 
all 20 pseudomonads. Control plates consisted of KB * media inoculated with Armillaria 
plugs as described above. The plates were sealed with parafilm and incubated for 36 days 
in the dark at room temperature to allow for sufficient growth of the slow-growing 
Armillaria control cultures. 
72 
Area and mass of the Armillaria ostoyae cultures were measured as described above 
for the 270 dual culture antagonism tests. 
Siderophore-mediated iron competition 
To test whether the observed antagonism was due to iron competition via 
pseudomonad siderophore production, the same 20 pseudomonad isolates used in the 
culture filtrate experiment were grown on media supplemented with Fe 3+. The 
pseudomonads were grown on KB* with 0 (control) , 20 and 100 j..tM FeC13 added to the 
media. Replicate plates were prepared for each iron concentration for each of the 20 
pseudomonad isolates. The plates were prepared as previously described for the 270 dual 
culture antagonism tests. Area and mass-based antagonism were measured as in the dual 
culture experiment as well. 
Data analysis 
The results were analyzed by comparing percentage growth of the Armillaria relative 
to the controls using 6 antagonism categories: 1: 0-20% of control, 2: 21-40%, 3: 41-
60%,4: 61-80%, 5:81-100% and 6:>100%. The pattern and distribution of antagonism 
was compared for bacteria isolated from each stand/soil type and compared between 
Douglas-fir seedlings and paper birch seedlings. 
Kolmogorov-Smirnov goodness-of-fit tests (Sokal and Rohlf, 1995) were used to 
determine the nature of the distributions of antagonistic pseudomonads for area and mass 
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based antagonism. Kolmogorov-Smirnov two-sample tests (Sokal and Rohlf, 1995) were 
used to compare the degree of antagonism exhibited by bacteria isolated from pure birch, 
pure Douglas-fir, and mixed stands of the two species. This nonparametric procedure was 
also used to compare the distribution of antagonistic bacteria between young and mature 
forest stands. 
The culture filtrate experiment was analyzed using a one way analysis of variance 
followed by Tukey's HSD test for unequal sample sizes (Sokal and Rohlf, 1995). The 




The best medium for growth of fluorescent pseudomonads and Armillaria ostoyae was 
King's B media adjusted to pH 6.5 (KB*) (Figure 7). At pH 7.2 (pH of the original 
medium) the bacteria grew sufficiently and produced the fluorescent siderophores 
necessary for a dual culture experiment but the Armillaria isolate did not show any 
significant growth after 3 weeks. Alternatively, at pH values less than 6.5 the King's B 
medium allowed for good growth of the fungus but the bacteria did not produce any 
fluorescent pigments. 
In vitro growth of Armillaria and fluorescent pseudomonads in dual culture 
The bacteria produced a diffusible fluorescent yellow-green pigment that is 
consistent with the production of extracellular siderophores (Kloepper et al., 1980a). The 
pigment diffused across the media in front of the advancing bacterial colony (Figure 8c). 
The fungus formed an opaque dark brown mat with creamy white hyphae at the margin 
of the colony and a dark brown pigment which diffused through the surrounding media 
(Figure 8a, 8b). In control cultures the root rot fungus grew radially out from the original 
plug. On plates where the growth of Armillaria was inhibited, the fungus had sparse 
white mycelia that appeared to be imbedded in the media and there was little or no 
pigment produced (Figure 8c). 
Figure 2. Effect of pH on growth of fluorescent pseudomonad bacteria and 





Figure 3. Dual cultures of fluorescent pseudomonad bacteria and Armillaria ostoyae on 
King's B media.a) control Armillaria culture b) weakly antagonistic fluorescent 
pseudomonad strain c) strongly antagonistic pseudomonad 
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At-test for dependent samples revealed that the challenged Armillaria cultures had 
significantly less growth in the half of the petri dish that was facing the bacterial colony 
(p<O.OOOl) (Figure 8c). The mean area of the fungal isolates in the half of the plate 
containing the pseudomonad culture was 1.24cm2 compared to 1.45cm2 on the side not 
directly influenced by the bacterial isolate. 
Frequency of antagonistic pseudomonads 
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Of the pseudomonads isolated from birch seedlings, 55% caused a reduction in radial 
growth of the Armillaria ostoyae isolate by 20% or more compared to control plates 
(Table 10). Using the same criteria, 92% of these bacteria reduced the biomass of the 
Armillaria isolate. There was a similar pattern of antagonism for the pseudomonads 
isolated from Douglas-fir seedlings with 50% and 96% of the isolates exhibiting 
inhibition of Armillaria area and biomass growth respectively. The minimum 20% 
inhibition criterion identifies bacteria that exhibit definite antagonism of A. ostoyae in 
vitro given the observed variability in Armillaria growth in the absence of 
pseudomonads. 
Strong antagonists were defined by their ability to inhibit the growth of Armillaria 
by 60% or more relative to the controls. For area-based antagonism, 9% of the birch 
isolates and 3% of the Douglas-fir isolates were strongly antagonistic toward Armillaria. 
In contrast, 49% and 51 % of the pseudomonads isolated from birch and Douglas-fir 
seedlings respectively were strong antagonists of Armillaria with respect to overall 
fungal mass. 
Table 10. Frequency of fluorescent pseudomonads antagonistic to Armillaria ostoyae 
after 25 days in dual culture in vitro. 
Antagonism Birch isolates Douglas-fir isolates 
categories Growth Parameter Growth parameter 
(% of control) Area Mass Area Mass 
1 a (0-20%) 2 5 0 15 
2 (21-40%) 7 44 3 36 
3 (41-60%) 12 31 16 27 
4 (61-80%) 34 12 31 18 
5 (81-100%) 43 7 37 3 
6 (>100%) 2 1 13 1 
n= 84 n=86 n=173 n=171 
a ie. Antagonism of Armillaria by pseudomonads decreases from category 1 to 6, pseudomonads in 
categories 5 and 6 are not considered antagonistic 
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In this experiment the distribution of bacteria with respect to the strength of their 
antagonism towards Armillaria was of particular interest. Therefore the pseudomonads 
were grouped into antagonism categories defined by how much growth the challenged 
fungal plugs exhibited in relation to the controls (Table 1 0). The distributions of 
antagonistic bacteria differ markedly depending on whether area or biomass of the 
Armillaria cultures is used as the antagonism parameter. For area-based antagonism, the 
bacteria approximate a lognormal distribution for both samples of pseudomonads tested 
in this experiment (Figure 9a, 9c). The pseudomonads affected the biomass growth of the 
Armillaria to a greater extent resulting in more bacterial isolates falling into the lower 
antagonism categories (Figure 9b, 9d). The resulting distributions are skewed to the right 
and approximate a gamma distribution according to a Kolomogrov-Smirnov goodness-of-
fit test (Sokal and Rohlf, 1995). 
Variation in antagonistic bacteria between stand types 
The antagonism of the pseudomonads was evaluated separately for the isolates 
obtained for the Douglas-fir bioassay seedlings and those from paper birch bioassay 
seedlings. For the Douglas-fir seedlings, the pseudomonads isolated from the soils under 
birch stands were more antagonistic toward Armillaria ostoyae than those in pure 
Douglas-fir stands based on the reduction of biomass growth (Figure 1 0). The 
distribution of mass-based antagonism by category is significantly different in birch 
stands than the Douglas-fir stands according to a Kolmogorov-Smirnov two sample test 
(p<0.05). This test can detect whether two distributions are statistically similar in 
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Douglas-fir bioassay seedlings. 
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pseudomonads in each category in mixed stands appears to be intermediate between the 
two pure stand types although it is not significantly different from the other two 
distributions (Figure 1 0). Of the pseudomonads isolated from birch stands, 61% were 
strong antagonists of Annillaria, compared to 55% strong antagonists from the mixed 
stands and 39% for the Douglas-fir stands. There were no significant differences between 
distribution of antagonism between young and old stands. Also there was no significant 
difference in distributions of area based antagonism between the three stand types. 
The analysis of the paper birch isolates detected no significant differences in the 
distribution of antagonistic bacteria between stand type or age of stand for area or mass 
based antagonism. However, the general shapes of the distributions of antagonistic 
bacteria were similar to those for the Douglas-fir isolates (Figure 11). 
Mechanisms of antagonism 
Production of inhibitory substances 
The A. ostoyae isolate was significantly inhibited on KB* media amended with 50% 
pseudomonad culture filtrate by volume. The 50% filtrates from all 14 pseudomonads 
tested caused significant reduction in area and biomass growth of the Armillaria isolate 
(Table 11). Only isolate Fdl441 caused a reduction in the growth of the Armillaria 
isolate with the addition of 15% culture filtrate from this bacterial strain. 
Competition for iron 
The addition of to the media produced only one consistent trend between all 20 
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isolated from paper birch bioassay seedlings. 
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Table 11. The effect of culture filtrates from pseudomonad bacterial strains on the growth 
of Armillaria ostoyae in vitro. 
Culture Filtrate 
control 15% 50% 
Area of Armillaria isolate ( cm2) 3.15a 2.79a 1.87b 
Mass of Armillaria isolate (mg) 13.8a 11.7a 7.0b 
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19 of 20 pseudomonads tested with the addition of 20J.!M of iron per liter to the media in 
relation to the growth observed on the plates where no iron was added (p= 0.002). The 
fluorescence of the pseudomonads was diminished with the addition of 20J.!M /1 Fe3+ to 
the media and was absent for all isolates when the iron concentrations were increased to 
1 OOJ.!M /1. There was no significant difference between the growth of the Armillaria 
challenged by the same pseudomonad isolates on the OJ.!M and IOOJ.!M plates or the 
20J.!M and the IOOJ.!M plates. The addition of iron to the media had no consistent effect 
on the mass-based antagonism in this study. 
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Discussion 
Incidence of antagonistic pseudomonads in vitro 
The percentage of pseudomonads that were antagonistic to Armillaria ostoyae in 
vitro is similar to previously observed area-based antagonism by pseudomonad bacteria 
on other fungal pathogens (Geels and Schippers, 1983). In this study it was found that 
overall 53% of pseudomonads were antagonistic toward Armillaria with respect to area-
based antagonism. Nine percent and 3% of the pseudomonads isolated from birch 
seedlings and Douglas-fir seedlings respectively were considered strong antagonists of 
Armillaria with respect to the radial growth of the fungus in culture. In their study Geels 
and Schippers (1983) found that 57% of the pseudomonads were antagonistic and 4% 
were strong antagonists of five pathogenic fungi species and several deleterious bacterial 
isolates. The distribution of antagonistic bacteria by antagonism categories is also 
consistent with these other in vitro tests when pseudomonads were paired with 
Rhizoctonia solani and Alternaria solani in dual culture. 
The percentage of antagonistic bacteria and strength of antagonism exhibited against 
Armillaria is much higher for mass-based than area-based antagonism in this study. This 
can be explained by the growth pattern of the Armillaria isolate in culture. On control 
plates the Armillaria formed dense opaque mats of hyphae that grew down into the media 
as well as spreading out across the surface. When growth of the fungus was inhibited, the 
hyphae were sparse and grew in a single layer on the media but linear growth was almost 
equal to that of the control cultures. Therefore, the mass-based antagonism possibly 
reflects the true extent of the inhibitory effect of the pseudomonad on the fungus and 
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should be considered the more reliable antagonism parameter. This highlights the 
problems associated with measuring antagonism of slow growing fungi like Armillaria in 
vitro. 
Comparison of antagonistic pseudomonads between forest stand types 
The existence of pseudomonads which are antagonistic toward any particular 
pathogen in vitro is usually a poor indicator of incidence of the same antagonism in vivo 
(Broadbent et al., 1971 ; Geels and Schippers, 1983; Wong and Baker, 1984; Expert and 
Digat, 1995). However, previous studies indicate that of the antagonistic pseudomonads 
identified in vitro there are usually a proportion of those that are also able to reduce 
incidence of disease by the same pathogen in situ (Geels and Schippers, 1983; Xu and 
Gross, 1986; Ganesan and Gnanamanickam, 1987). In this study the objective was to 
compare the pseudomonad populations from different forest stand types to determine if 
numbers and strength of antagonistic pseudomonads differed between the stands. 
Therefore, only relative numbers of antagonists not absolute numbers are of importance 
given the random sampling and standard procedures used in all the dual cultures. 
The numbers of strongly antagonistic pseudomonads isolated from Douglas-fir 
seedlings grown in soils from the three different stand types was directly proportional to 
the amount of paper birch in the stands. The birch stands may have greater numbers of 
pseudomonads which are highly antagonistic towards Armillaria ostoyae due to increased 
quantity or quality of root exudates from birch compared to other tree species (Grayston 
et al., 1996). The nutritionally enriched exudates of birch trees may stimulate the 
production of antibiotics or siderophores by the rhizosphere pseudomonad population 
compared to exudates from Douglas-fir (Grayston et al., 1996). In a study of 
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pseudomonad populations and take-all in turfgrass, Sarniguet and Lucas (1992) found 
that there were increased numbers of antagonistic pseudomonads in previously diseased 
patches of grass relative to those that had never been colonized by the pathogen. In the 
case of the birch stands sampled in this study, some of these relatively pure patches of 
paper birch may have become established in old Armillaria ostoyae infection centers 
(Morrison et al., 1991 ). In that instance, the presence of residual inoculum sources of 
Armillaria may have induced quantitative and qualitative changes in the fluorescent 
pseudomonads populations in the rhizosphere at the time of establishment of the birch 
trees resulting in increased numbers of antagonistic pseudomonads (Sarniguet and Lucas, 
1992). 
The fact that there were no significant differences between the distributions of 
antagonism in the pseudomonads isolated from birch seedlings is likely due to the small 
sample size. The sample size for each stand type is 28 whereas for the Douglas-fir 
isolates there was a sample size of 56 for the comparisons of antagonism between stand 
types. This hypothesis is supported by the fact that the distributions of antagonism for the 
birch isolates have the same approximate shape and pattern of decreasing numbers of 
strong antagonists with decreasing proportion of birch in the stands as did the Douglas-fir 
isolates. 
Mechanisms of antagonism 
The marked reduction in both area and biomass of Armillaria cultures grown with 
50% culture filtrates from 20 pseudomonad isolates is consistent with the production of 
antibiotics or other inhibitory compounds by the bacteria. In other in vitro experiments, 
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strains of fluorescent pseudomonads with potential biocontrol activity have been found to 
produce hydrogen cyanide (Vlassak et al., 1992), and a variety of antibiotics 
(Thomashow and Weller, 1 988; Hamden et al, 1991; Hill et al., 1994; Nowak-Thompson 
et al., 1994). There is evidence that these antibiotics are also produced in vivo in soils 
with high levels of an introduced biocontrol agent such as P. fluorescens 2-79 
(Thomashow et al., 1990) which was originally identified as an antibiotic-producing 
pseudomonad strain using in vitro experiments (Thomashow and Weller, 1988). 
There was little evidence of siderophore mediated iron competition as the 
mechanism of antagonism by the pseudomonads tested in this study. The significant trend 
of decreased growth of Annillaria isolates with the addition of 20!J.M FeCh to the media 
for 19 of the 20 pseudomonads tested was not expected. Other studies of iron competition 
by pseudomonads report a significant reduction or loss of antagonism by these bacterial 
strains with the addition of as little as lO!J.M Fe3+ (Geels and Schippers, 1983; Becker and 
Cook, 1988). In this study, the addition of iron to the control plates had no apparent effect 
on the growth of the fungus in the absence of bacteria. Therefore the decreased area 
growth of the Armillaria fungus after addition of 20!J.M FeCh in the dual culture plates 
must be due to increased growth and vigor of the pseudomonads resulting in more 
production of antibiotics or other inhibitory substances which antagonize the Armillaria. 
The mass based antagonism results were non-conclusive for this iron study due to the 
presence of small amounts of agar which remained on some of the filter papers when the 
agar was melted off and the fungal tissue weighed. 
It is interesting that most of the pseudomonads tested appeared to antagonize A. 
ostoyae by the production of antifungal compounds in vitro. Previous studies indicate that 
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one of the two antagonism mechanisms, antibiotic or siderophore production, usually 
dominates any given population of fluorescent pseudomonads isolated from a particular 
environment. For example, large numbers of fluorescent pseudomonads isolated from 
take-all suppressive soils in Washington were found to produce the antibiotic 2,4-
diacetylphloroglucinol (Raaijmakers et al., 1997). The biocontrol P. fluorescens strain 2-
79, also isolated from a take-all suppressive soil, has been found to inhibit the take-all 
fungus Gaeumannomyces graminis var. tritici in wheat by the production of the antibiotic 
phenazine-1-carboxylic acid (PCA) (Thomashow and Weller, 1988). Siderophore 
production was found to have little or no role in the suppression of this fungal disease by 
strain 2-79 (Hamden et al., 1991 ). In contrast, Leong ( 1986) reported that addition of 
biocontrol pseudomonad B 10 or its siderophore to a take-all conducive soil in California 
caused the suppression of the disease. Similarly, addition of an iron chelator to a take-all 
suppressive soil caused a reduction in the survival of barley seedlings from 83% to 38% 
suggesting that the pseudomonads in that soil antagonized the pathogen via siderophore 
production. 
There is evidence that pH may be one factor determining the mode of antagonism 
exhibited by a population of pseudomonad bacteria. In this study, there were no 
fluorescent siderophores produced on KB media when the pH dropped below 6. Since the 
soils in this study have a pH range of 4.6 to 5.6 (Chapter 2) it seems likely that few 
siderophores would be produced in these forest soils. Therefore antibiotic-producing 
antagonistic pseudomonads would likely be selected for in the rhizosphere of these 
forests in the presence of fungal pathogens. Ownley and others (1992) report that PCA 
producing pseudomonads excreted the antibiotic over a pH range of 4.9 to 8 and were 
effective in limiting the severity of take-all disease in field trials over this pH range. 
Mutant pseudomonads that did not produce PCA but did produce siderophores, did not 
significantly reduce disease incidence in soil below pH 6.1 and were not as effective as 
the PCA and siderophore producing parent strain in reducing disease over the entire pH 
range (Ownley et al., 1992). 
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In this study, in vitro antagonism between pseudomonads and Armillaria was 
investigated at pH 6.5 which is very different from the natural pH of the forest soils from 
which they were isolated. Further investigations of pseudomonad-Armillaria interactions 
in vitro should include a study where incidence of antagonism is studied on media at pH 
values of 4.5 to 5.5. 
Conclusions 
This study is based on in vitro antagonism, which can be a poor indicator of microbe 
interactions in the rhizosphere in a natural ecosystem. In petri dish experiments, an 
unrealistic interaction is created whereby all other organisms are eliminated and the 
bacteria and fungus grow in an enriched nutrient environment that would not occur in 
vivo. However, this study has established that fluorescent pseudomonads isolated from 
forest soils can produce Armillaria-inhibiting compounds. Data from other studies have 
shown that in vitro antagonism by pseudomonads has translated to disease reduction in 
greenhouse and field trials using the same organisms (Xu and Gross, 1986; Elad and 
Chet, 1987; Becker and Cook, 1988; Ownley et al., 1992). To date most of this work has 
been done in the quest to find biocontrol agents for specific diseases of agricultural crops. 
However, this is not necessarily the goal of work on pseudomonads in a forestry context. 
Given the complexity of forest ecosystems and the large scale of disease management 
required, it has been suggested that the most productive use of biocontrol agents in a 
forestry setting would be to enhance natural populations of the target organism (Hagle 
and Shaw, 1991). The results of this study and the related study on pseudomonad 
populations in different forest stand types (Chapter 2) suggest that numbers of 
pseudomonads potentially antagonistic toward Armillaria can be influenced by the 
amount of birch in the stand. 
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More work is needed to elucidate the ecology and function of pseudomonads in situ 
in the rhizosphere of forest stands. This study does not provide information as to how 
pseudomonad bacteria could antagonize Armillaria in the soil. A study involving an 
Armillaria suppressive soil in southern Alberta indicated that suppression of A. ostoyae 
was not related to soil physical properties but was likely due to inhibitory compounds or 
organisms in the soil (Blenis et al., 1989). The suppressive soil had significantly reduced 
levels of Armillaria inoculum survival, rhizomorph production and seedling infection 
rates in a greenhouse trial. It is conceivable that pseudomonad bacteria, among other soil 
organisms, could play a role in Armillaria suppression in some soils. While these bacteria 
are not likely to prevent root to root spread of A. ostoyae in the soil, they may act to 
inhibit rhizomorph spread from inoculum sources such as roots and stumps in recently 
harvested stands. Many pseudomonad strains isolated from a mixedwood stand in Ontario 
prevented rhizomorph growth by Armillaria gallica in vitro (Dumas, 1992). In favorable 
forest soils, there would be large populations of pseudomonads on the network of fine 
roots in the top layers of soil that could theoretically antagonize rhizomorphs as they 
grow through the soil. 
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Chapter 4 Summary and Conclusions 
Summary of research 
This study investigated the linkage between fluorescent pseudomonad bacteria and 
the lower incidence of Armillaria ostoyae infection in paper birch and mixed birch-
conifer stands reported elsewhere. The overall goal of the study was to contribute to 
knowledge about the complex interactions of trees and microbes in the rhizosphere with 
the aim of furthering our knowledge about how broadleaf species like paper birch can 
contribute to the health of forest stands. This study is based on earlier work which 
established that fluorescent pseudomonads were common inhabitants of the root-soil 
interface of forest tree species (Chan way and Roll, 1992; Shishido et al., 1996) and 
pseudomonads isolated from these trees could antagonize many fungal pathogens 
including Armillaria ostoyae (Dumas, 1992; Axelrood et al., 1996). 
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Populations of fluorescent pseudomonad bacteria were compared between different 
stand types in a greenhouse bioassay study described in Chapter 2. Pseudomonads were 
isolated from paper birch and Douglas-fir seedlings which were grown from seed in the 
soils collected from birch, Douglas-fir and mixed stands in a controlled greenhouse 
environment. The pure birch stands had populations of pseudomonads four times higher 
than those in the pure Douglas-fir stands, with mixed stands having intermediate 
populations. The young stands supported twice as many pseudomonads as the mature 
stands. A strong positive correlation between pseudomonad populations and percent 
cover of birch and the related negative correlation with Douglas-fir cover in the 18 stands 
studied confirmed these trends. A cluster analysis revealed that the three stands of each 
age and species composition were not always similar with respect to stand characteristics. 
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However, groups of similar stands generated by the cluster analysis confirmed the trend 
of increasing pseudomonad populations with increasing proportion of birch in the stand. 
These results lend support to the hypothesis that fluorescent pseudomonad bacteria may 
play a role in the observed resistance of paper birch to Armillaria ostoyae, particularly 
among juvenile birch. 
The second part of this study, described in Chapter 3, was a series of in vitro 
experiments designed to examine the antagonism of the pseudomonad isolates from 
different stand types toward Armillaria ostoyae. Approximately 270 pseudomonad 
isolates were randomly selected from the entire collection isolated in the population 
experiment. An equal number of isolates originating from each of the 18 forest stands 
were tested for their ability to inhibit the area and biomass growth of a pathogenic strain 
of Armillaria ostoyae in dual culture petri dish trials. While approximately 50% of the 
isolates inhibited the linear growth of Armillaria, almost all of the isolates (average of 
94%) inhibited the growth of the fungus with respect to biomass. The percentage of 
strong antagonists (able to reduce the growth of the Armillaria by 60% or more) was 
considerably lower at approximately 6% and 50% for area and mass based antagonism 
respectively. Perhaps the most interesting result from the perspective of birch and its 
resistance to Armillaria is the fact that the pseudomonads isolated from birch stands were 
more strongly antagonistic toward Armillaria on average than those from pure Douglas-
fir stands. 
The second part of the laboratory study was directed at determining the possible 
mechanisms by which the pseudomonad bacteria antagonized the Armillaria isolate in 
vitro. Two antagonism mechanisms, siderophore mediated iron competition and 
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antibiosis, were examined in this study. Of the 20 pseudomonad strains studied, the 
majority appear to antagonize the Armillaria culture in vitro by the production of 
inhibitory substances like antibiotics rather than siderophores. Since siderophore 
production by pseudomonads appears to be limited at pH values below 6, the lack of 
evidence for iron competition as a means of antagonism is likely due to the low pH of the 
forest soils from which these bacteria were isolated. 
Implications for forest management 
This thesis provides evidence that paper birch creates a more favorable environment 
for fluorescent pseudomonad bacteria which have been proven by many previous studies 
to be beneficial to tree growth (Chanway and Holl, 1994; Shishido et al., 1996) and 
inhibitory to root inhabiting fungi in the rhizosphere (Kloepper, 1992). However, this 
study does not provide the conclusive evidence necessary to recommend forest practices 
that favor using paper birch to decrease incidence of Armillaria root disease. Therefore 
recommendations can be made about forest practices that will be conducive to large 
populations of pseudomonads in the rhizosphere of forest stands. From a practical 
standpoint this study contributes another layer of ecological information about ecosystem 
processes that can help forest managers design ecologically sustainable management 
regimes. 
In areas where paper birch forms natural mixtures with conifers in the ICH zone of 
southern B.C., it would be beneficial to leave some naturally regenerated birch in newly 
established conifer plantations to enhance pseudomonad populations. Since pseudomonad 
numbers increased with increasing cover of paper birch in a range of zero to 50 percent 
cover, the proportion of paper birch in plantations should be maximized while allowing 
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for reasonable conifer growth in newly established plantations. With current regulations 
under the Forest Practices Code, a young plantation with 30 to 50% birch cover would 
not meet free growing standards set out in the regulations. However, there is evidence 
from the seedling bioassays and some thinned sites in this study that the effect of birch on 
the rhizosphere pseudomonad populations may be persistent even after the birch is 
removed or thinned. This phenomenon was also observed by Bradley and Fyles (1995) 
who detected increased carbon in soils exposed to birch for only 20 weeks. Therefore, on 
sites that have high levels of site disturbance or root disease, paper birch could be 
maintained on the site for 5 years to establish high populations of pseudomonad bacteria 
and then thinned out to meet free growing regulations for the planted conifers. The 
thinning operations in such stands could be carried out such that clumps of birch are 
maintained between the released conifers to allow for the maintenance of established 
networks of birch roots and their associated pseudomonads in the rhizosphere. 
This study jndicates that Douglas-fir and possibly other conifer species have a direct 
negative effect on pseudomonad populations. Therefore maintaining birch in mature 
stands will not have as great an impact on pseudomonad populations because the percent 
cover of conifers is so high in these mature stands. Manipulating stand species 
composition to enhance pseudomonad populations is therefore probably most effective in 
juvenile stands. This study did not provide information as to what conifer species might 
have the least negative impact on pseudomonads but it appears that Douglas-fir might not 
be the best conifer species for maintenance of high pseudomonad populations on a site. 
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Future research 
This study provides a framework for more detailed studies of the function and 
ecology of pseudomonad bacteria in forest ecosystems. While this study has provided 
basic information about the influence of stand attributes on pseudomonad populations 
and confirmed in vitro antagonism of these bacteria toward Armillaria ostoyae there is a 
large gap between these studies. Much more work is required to link the population 
study to what was observed in the laboratory experiments and understand the role of 
pseudomonad bacteria in resistance of birch to Armillaria ostoyae in situ. 
The next step in this research should be a controlled greenhouse experiment where 
Armillaria-pseudomonad interactions can be studied in a soil environment. Specifically, 
pseudomonads should be inoculated onto Douglas-fir seedlings and planted into pots 
containing Armillaria ostoyae inoculum cultured on woody substrates. The infection and 
mortality rates could be compared between inoculated seedlings and uninoculated 
controls to determine what effect pseudomonads have on the infectivity of A. ostoyae in a 
controlled environment. 
Further in vitro studies should be used to characterize the mechanisms by which 
pseudomonads inhibit the growth of A. ostoyae. Laboratory experiments would be useful 
to identify the inhibitory substances produced by pseudomonads from forest ecosystems. 
Molecular techniques can be employed to identify genes which are responsible for the 
production of these inhibitory substances and to do detailed comparisons between 
populations isolated from different stand types. 
Finally field trials should be established to determine the function of pseudomonads 
in the rhizosphere of birch and conifers. Comparisons could be made between 
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pseudomonad populations in Armillaria suppressive soils and Armillaria conducive soils. 
A long-term trial should be set up to determine the effect of introducing paper birch into a 
conifer plantation in terms of Armillaria incidence and populations of pseudomonad 
bacteria. This study would necessarily involve detailed ecological work on the effect of 
birch on soil nutrient status and soil food webs. 
Clearly, there is much research still to be done to confirm the role of fluorescent 
pseudomonad bacteria in maintaining the health and productivity of forest ecosystems. 
This study represents a departure from the traditional approach to forest pathology which 
focuses on the pathogen and its host tree species. In this study the goal was to explore the 
possibility of reducing incidence of root rot by influencing processes at the ecosystem 
level. This approach to pathology research will not only contribute to our understanding 
of forest pathogens and their control but also to knowledge about ecosystem ecology and 
function in general. This move toward a holistic view of forest health will ultimately aid 
forest managers in their mandate to create and implement ecologically sustainable 
practices. 
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